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 Basic characteristics of the early Earth climate, the only known environment 
in the Universe in which life has been known to emerge and thrive, remain a mystery. 
In particular, little is understood about the Earth’s atmosphere 2.8 billion years ago. 
From climate models and laboratory studies, it is postulated that an organic haze, 
much like that found on Saturn’s largest moon Titan, covered the early Earth. This 
haze, generated from photolysis of carbon dioxide (CO2) and methane (CH4), may 
have had profound climatic consequences. Climate models of the early Earth that 
include this haze have had to rely upon optical properties of a Titan laboratory 
analog. Titan haze, though thought to be similar, is formed from a different 
combination of precursor gases and by different energy sources than early Earth haze.  
This thesis examines the direct and indirect radiative effects of aerosol on 
early Earth climate by studying the optical and hygroscopic properties of a laboratory 
analog. A Titan analog is studied for comparison and to better understand spacecraft-
retrieved haze chemical and optical properties from Titan. The properties of the 
laboratory analogs, generated in a flowing reactor cell with a continuum ultraviolet 
(UV) light source, were primarily measured using cavity ringdown aerosol extinction 
spectroscopy and UV-visible (UV-Vis) transmission spectroscopy.  
We find that the optical properties of our early Earth analog are significantly 
different than those of the Titan analog from Khare et al. (1984). In both the UV and 
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visible, when modeled as fractals, particles with the optical properties of the early 
Earth analog have approximately 30% larger extinction efficiencies than particles 
with Khare et al. (1984) values. This result implies our early Earth haze analog would 
provide a more efficient UV shield and have a stronger antigreenhouse effect than the 
Khare et al. (1984) Titan analog. Our Titan analog has significantly smaller imaginary 
refractive index values in the UV-Vis than Khare et al. (1984) values. These results 
may imply that (a) photolysis is not the dominant source of aerosol on Titan, and/or 
(b) the optical retrievals are dominated by the more absorbing and scattering electric 
discharge generated aerosol.  
For the hygroscopicity studies, the optical growth of the early Earth analog at 
various relative humidities (RH) was measured, as well as a Titan analog for 
comparison. The retrieved hygroscopic parameter for the early Earth analog indicates 
that a humidified early Earth aerosol could have contributed to a larger 
antigreenhouse effect on the early Earth atmosphere than previously modeled with 
dry aerosol. Such effects would be important in regions where RH is greater than 
50% because such high humidities are needed for significant amounts of water to be 
on the aerosol. The retrieved hygroscopicity parameter also indicates that the particles 
could activate into cloud droplets at reasonable supersaturations. In regions where the 
haze was dominant, it is expected that low particle concentrations, once activated into 
cloud droplets, would create short-lived, optically thin clouds. Such clouds, if 
predominant on the early Earth, would have a lower albedo than clouds today, 
thereby warming the planet relative to current day clouds. 
 
   
 v 
 
 
For Joe, Emily, Tyler, Drew, Susan, Thomas, Natalie, Jessica, Vicki, and Perrin  
 
 
 
 vi 
Acknowledgements 
 Someone who I have never met and never will but who has nevertheless had a 
strong influence on the trajectory of my scientific career is Carl Sagan. For a few 
years during my adolescence, I was homeless, living in a hotel room or, occasionally, 
a car. Carl Sagan’s books helped me forget about my own specific situation and see 
an optimistic, big picture view for humanity. These books are what made me love 
science and fueled me with the will to further my education so that I could be part of 
the lofty and noble craft Sagan described. 
 I am grateful for the public institutions and all of the individuals inside of 
them who enabled me to attend college. Many schoolteachers inspired me and helped 
push me to go to college. I appreciate the caliber of education provided by the schools 
I attended and the student loans issued by the U.S. government. I am thankful to live 
in a country where the educational infrastructure is designed in such a way as to 
promote an individual’s socioeconomic mobility.  
Once in college, I was extremely worried about being able to perform 
academically, but my mom was a relentless source of support and confidence when I 
lacked it so much that first year. Also in college, I was fortunate to find a research 
advisor, Dr. Michael Eracleous, who navigated me through my first baby steps of 
research. Mike is also the one who prodded me to consider applying to graduate 
school.  
 Here at CU, I have been lucky to find a stellar advisor and mentor in Prof. 
Margaret Tolbert.  Dr. Tolbert has many excellent qualities as an advisor: she is an 
incredible scientific resource, she is one of the most gifted scientific communicators I 
 vii 
have ever met, and she allows her students space to develop their own ideas for their 
dissertation. But I think Maggie’s most prized qualities as an advisor, as I know many 
of her former and current students agree, are her genuine support and thoughtfulness 
towards her students. It has been a professional and personal privilege to work with 
Margaret Tolbert. 
 I thank all of my committee members. From Peter Pilewskie, I learned 
radiative transfer and the finer points of Mie Theory. He also has provided useful 
advice on various aspects of my research projects. Weiqing Han, unbeknownst to her 
and relayed by one of her students, has given me some of the sagest advice for those 
of us who tend to get stuck in infinite “for loops” of the mind: “Don’t think.  Just do!”  
Jose Jimenez was always willing to provide advice on experimental techniques and 
frequently let me know about articles that might be of interest. He also has provided 
useful contacts for my current and future research. Brian Toon was an invaluable 
source of knowledge for my projects. I have continually been amazed at Brian’s big 
picture thinking and ability to talk about what’s happening on Titan, Mars, Earth, or 
any other place in the solar system. I also thank NASA, NSF, and CU’s ATOC 
department and CIRES for funding. 
 I thank the Tolbert group, past and present. I worked most closely and learned 
so much from Melissa Trainer, Melinda Beaver, Langley Dewitt, Miriam Freedman, 
Kyle Zarzana, and Raea Lessard. I appreciate Raina Gough and Kyle Zarzana for 
providing feedback on some of my thesis chapters. Christy Long, an intelligent and 
capable undergraduate student, made contributions to the third project described in 
this thesis. On a more personal note: the group has been a great work group but an 
 viii 
even better social community. I will always remember the beautiful runs up and down 
Colorado mountains with Melinda, Langley, and Kelly and gardening and board 
game playing with Raina. Thank-you to all of my friends, in and outside of Boulder, 
who have made the last few years the most enjoyable of my life so far.  In particular, 
special thank-yous go to my sisters-at-heart, Natalie Parke, Jessica Handlos, and 
Vicki Christini for the visits, the adventures, and the love. I am indebted to Sherri 
Heck, who, in addition to being a dear friend, gave me my first opportunity to 
perform science abroad in Kenya.  
Lastly, but most emphatically, I would like to thank Joe Flasher. He helped 
convince me to come to CU. As a consequence, he has turned into my best friend and 
husband. He has enriched my graduate school experience in countless ways. Above 
all, he has helped me realize that I can do more and be more if I let go of my fears and 
follow my heart.  
 
 
 
 
 
 
 
 
 
 
 
 ix 
 
 
 
 
We, this people, on a small and lonely planet 
Traveling through casual space 
Past aloof stars, across the way of indifferent suns 
To a destination where all signs tell us 
It is possible and imperative that we learn 
 
- Maya Angelou, A Brave and Startling Truth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 x 
Contents 
 
Chapter I: Introduction 
 
1.1 Impact of aerosol on climate………………………………….……… 1 
 
1.2 Titan………………………………………………………………...…8 
 
1.3 Early Earth…………………………………………………………...12 
 
1.4 Thesis Focus………………………………………………………….20 
 
 
Chapter II: Optical properties of Titan & early Earth analogs in the mid-visible     
 
2.1 Introduction…………………………………………………………..21 
 
2.2 Experimental Methods…………………………………………….....25 
 
2.3 Results ………………………………………………………………..32 
 
2.4  Discussion…..………………………………………………………..40 
 
2.5 Conclusion…………………………………………………………...53 
 
 
Chapter III: Potential climatic impact of organic haze on the Early Earth 
 
3.1 Introduction…………………………………………………………..55 
 
3.2 Experimental Methods……………………………………………….60 
 
3.3 Results ………………………………………………………………..67 
 
3.4 Implications…………………………………………………………..81 
 
3.5 Conclusions…………………………………………………………..90 
 
 
Chapter IV: UV-Vis optical properties of Titan and early Earth analog haze 
 
4.1 Introduction…………………………………………………………..93 
 
4.2 Experimental Methods……………………………………………….99 
 
4.3 Determination of k values…………………...…………………...…105 
 xi 
4.4 Test Cases..…………………………………………………………………111 
 
4.5 Results…………………………..…………………………………………..117 
 
4.6   Discussion..…………………………………………………………………121 
 
4.7   Conclusion….………………………………………………………………127 
 
Chapter V: Summary, Conclusions, and Future Directions 
 
5.1 Summary and Conclusions…………………………………………...…….129 
 
5.2 Future Directions…………………………………………………………...131 
 
Bibliography…………………………………………………………………………………...140 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xii 
List of Tables 
 
 
Table 2.1   Comparison of measured refractive indices and experimental conditions of 
this work with other Titan analog studies……………………………..…41 
 
Table 3.1   Comparison of Gf and κ of Titan and early Earth analog aerosols, as well 
as other inorganic and organic compounds………………………………71 
 
Table 4.1  Comparison of experimental conditions, methods used to measure k, UV- 
Vis spectral range and resolution at which k values were obtained of this 
work with other Titan analog studies…………………………………...100 
 
Table 5.1 Comparison of 355 nm CRD-AES system properties………….………..133 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xiii 
List of Figures 
 
 
Chapter I: Introduction 
 
    Fig.  1.1    Role of aerosol in the radiative budget of planetary atmospheres…...…3 
     
    Fig.  1.2     Complex refractive index...…………………………………………….5 
     
    Fig.  1.3     Deliquescence and efflorescence hysteresis curve……...……………...7   
 
Fig.  1.4     Overview of aerosol particle compositions, shapes, and sizes found in  
planetary atmospheres in the Solar System…………………………….9  
 
Fig. 1.5     Our evolving view of Titan……………………………………………10 
 
Fig. 1.6     The standard solar model……………………………………………...14 
 
Fig. 1.7     Comparison of Early Earth surface temperature as a function of pCO2 
and fCH4, with haze not included and included………………………16 
 
Fig. 1.8     The globally and annually averaged effective optical depth plotted for 
both spherical and fractal models……………………………………..19 
 
 
Chapter II: Optical properties of Titan & early Earth analogs in the mid-visible                 
 
Fig. 2.1     Aerosol mass spectra of aerosol analogs………………………………24 
 
Fig. 2.2     Schematic of aerosol generation and CRD-AES instrumentation…….27
  
Fig. 2.3     Test and analog aerosol size distributions……...……………………...34
  
Fig. 2.4     CFD contour plots of test and analog aerosols………..………………35
  
Fig. 2.5     Qext as a function of diameter for test case aerosols……………….…..36 
 
Fig. 2.6     Qext as a function of diameter for analog aerosols…………………….39 
 
Fig. 2.7     Optical properties of spherical particles with the refractive index of 
aerosol analogs measured in this study relative to spherical particles 
with the refractive index of Khare et al. (1984)………………………44
  
 
 
 
 xiv 
 
  Fig. 2.8    Optical properties of fractal aggregate particles with the refractive index   
of aerosol analogs measured in this study relative to fractal aggregate 
particles with the refractive index of Khare et al. (1984)…….…….…...46
  
Fig. 2.9     Single-scattering albedo of fractal aggregate particles with various 
refractive index values…………………………………………………..48
  
  Fig. 2.10 Contour plot of early Earth surface temperatures as a function of IR 
opacities and aerosol particle column densities………………………...52
  
 
Chapter III: Potential climatic impact of organic haze on the Early Earth  
 
  Fig. 3.1     Schematic of aerosol generation and the humidified tandem cavity  
ringdown aerosol extinction spectrometer system………………..…….61 
 
  Fig. 3.2     AFM images of early Earth and Titan analog aerosol particles………...64 
 
  Fig. 3.3     f(RH = 80%) of ammonium sulfate as a function of particle diameter…69
   
  Fig. 3.4     f(RH = 80%) of Titan and early Earth aerosol analogs compared with 
various slightly soluble organics  as a function of particle diameter…...73
  
  Fig. 3.5     Optical growth f(RH) of early Earth aerosol analog particles over a range 
of relative humdities and particle diameters…………………………….79
  
Fig. 3.6     The calculated hygroscopic parameter κ of early Earth aerosol analog as a 
function of relative humidity……………………………………………80 
  
 
  Fig. 3.7     Direct effects of early Earth aerosol analog on early Earth climate…….83
  
  Fig. 3.8     Critical supersaturation sc as a function of dry diameter for early Earth 
and Titan aerosol analogs compared with other materials …………….87
  
  Fig. 3.9     Summary of the implications of early Earth haze exposed to 
humidification and supersaturation for early Earth climate………..…..91
  
 
Chapter IV: UV-Vis optical properties of Titan and early Earth analog haze  
 
  Fig. 4.1 Possible positive and negative feedback cycles of organic haze on early 
Earth……………………………………………………………….……96
  
  Fig. 4.2     Experimental setup………………………………………………….....102 
 xv 
 
  Fig. 4.3     Comparison of absorbance spectra of fresh and aged analog   aerosol...104  
 
Fig. 4.4     Conceptual schematic of thin film transmission model…………….....106 
 
                 Fig. 4.5     A comparison of the measured transmission of the quartz substrate and a 
calculated   transmission spectrum…….….…………...……………....109 
 
   Fig. 4.6     Test transmission through a thin film as a function of k…….……...…110 
 
  Fig. 4.7     Imaginary refractive index values retrieved for PSLs of different sizes 
and compared to data from Ma et al. (2003)………………….……….113 
 
  Fig. 4.8     Imaginary refractive index values retrieved for nigrosin dye compared 
with    literature values……………………………………………...…116 
 
Fig. 4.9     Transmission spectra through a thin film with smooth/rough surfaces..118 
 
Fig. 4.10   Retrieved k value as a function of film thickness for early Earth and Titan 
analogs at either end of the studied wavelength range……………..….120 
 
Fig. 4.11    k-values retrieved for early Earth & Titan analogs………………….…122 
 
Fig. 4.12    k- values retrieved from this study, other laboratory  analogs, and 
observations of Titan…………………………..……………………..…124 
 
Fig. 4.13    Qext and Qabs of spherical and fractal particles calculated using k values 
from the early Earth and Titan analogs compared with those calculated 
from Khare et al. (1984) values………………………...………...…….125 
 
 
Chapter V: Summary, Conclusions, and Future Directions 
 
Fig. 5.1     The λ = 355 nm CRD-AES system’s linear response between extinction 
and aerosol  particle concentration of 350 nm PSLs……….….………..134 
 
Fig. 5.2     VIMS IR aerosol transmission spectrum compared with our analog, as well 
as the transmission calculated from Khare et al. (1984)………………..136 
 
Fig. 5.3     Sice of various compounds: early Earth aerosol analog, ammonium sulfate, 
and glutaric acid.…………………………………………...……………138 
 
 
 
 
 xvi 
 
_______________ 
Chapter I 
Introduction 
________________ 
The early Earth is the only environment in the known universe of which we 
can be certain that life was able to form and thrive. Determining the role that the 
atmosphere on the early Earth played in life’s first steps on this planet may help us to 
identify other places beyond our own planet where life may exist, allow comparisons 
to extraterrestrial environments, and answer fundamental questions about how our 
own existence came to be. Titan, the largest moon of Saturn, may provide us with a 
modern day analog to the early Earth atmosphere and help us answer these questions. 
 This thesis examines one aspect of early Earth and Titian environments: the 
ability of a ubiquitous organic haze to affect the global climates on both planetary 
bodies. The introduction discusses the general role of aerosol on climate on any 
planetary atmosphere and the specific environments and atmospheres of Titan and the 
early Earth. 
1.1 Impact of aerosol on climate 
Aerosols play an integral role in the radiative balance of many planetary 
atmospheres within the Solar System.  Solid or liquid particles suspended in gas, 
aerosol particles are relatively low volatility compounds that can alter the path of 
solar and infrared radiation in an atmosphere by absorbing or scattering incident 
photons. This phenomenon is called the direct effect of aerosols. If a relatively higher 
volatility gas phase species is present and capable of undergoing a phase transition 
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within the pressure and temperature confines of the given planetary atmosphere, 
aerosol particles can provide a favorable site upon which to condense. These particles 
will grow in size and change in composition, altering their direct effect. If enough 
condensable vapor exists, particles can continue to grow to much larger liquid or solid 
cloud droplets. These aerosol particles, termed cloud condensation or ice nuclei, 
control properties of clouds such as droplet concentration and lifetime. These cloud 
properties, in turn, affect the radiative influence of clouds have on a planetary body. 
The influence of aerosol particles on the radiative properties of clouds is termed the 
indirect effect.    
Figure 1.1 is a graphical representation of these two key aerosol effects on 
climate. The schematic depicts both the direct and indirect effects of aerosol on 
incoming solar radiation. The left panel depicts the direct effect: aerosol particles 
affect incoming solar radiation I0 by scattering and absorbing light. The degree to 
which a single particle scatters and absorbs light is dependent upon the incident 
wavelength of light, the particle size Dp, the chemical composition of the particle 
material, and the particle shape.      
The composition controls the complex refractive index (m = n + ik). The 
complex refractive index is an inherent property in a pure compound. It describes 
how a material both absorbs and scatters light. The real refractive index n of a 
material is, by definition, the ratio of the speed c of light to the phase velocity vp:  ! ≡ !!!                                                             (1.1) 
Via Snell’s law or Mie theory, depending on the geometry, one can calculate the 
relationship between the angle of incidence and the angle of refraction as light travels 
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Figure 1.1 Schematic depicting both the direct and indirect effects of aerosol on 
incoming solar radiation. The left panel depicts the direct effect: 
aerosol particles affect incoming solar radiation I0 by scattering and 
absorbing light. The degree to which a single particle scatters and 
absorbs light is dependent upon the incident wavelength of light, the 
particle size Dp, the chemical composition of the particle material, and 
the particle shape. The composition controls the complex refractive 
index (m = n + ik). Higher volatility compounds can condense on 
aerosol particles, which can change the size, composition (also 
affecting the complex refractive index), and shape of the aerosol 
particles, in turn, affecting their direct radiative effects on climate. The 
right panel depicts the indirect effect of aerosols: the radiative effects 
of clouds on climate depend on the number of cloud droplets per unit 
volume Ncloud, the size of the cloud droplets Dclouds, and the lifetime of 
the cloud τcloud, which depends on the first two parameters. All three of 
these parameters are affected by the properties of the aerosol from 
which they form. One key property of aerosol in regards to clouds is 
the supersaturation at which a particle will spontaneously grow into a 
cloud droplet, Sc. This property will affect the density of cloud 
particles, Ncloud, the cloud droplet diameter, Dclouds, and the optical 
depth of the cloud τcloud.  
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from one medium into another, by knowing the n values of the two media. (Halliday 
et al., 1997)  
 The imaginary refractive index k describes how a given material absorbs 
incident radiation. For instance, in a bulk material of thickness l, the initial intensity 
of light I0 is attenuated to an exit intensity of I: ! !! = !"# − !!"! !                                                         (1.2) 
Figure 1.2 shows a graphic depiction of the complex refractive index.  
Aerosol particles in planetary atmosphere are typically found in spherical 
form, though many deviations exist. Mie theory describes how incident light is 
scattered and absorbed by spherical particles and is therefore useful for many 
atmospheric applications. Using Mie theory, one can calculate the scattering, 
absorption, and extinction coefficients (bsca, babs, bext, respectively, where bext = bsca + 
babs) of an aerosol layer containing homogenous, spherical particles, if the follow is 
known: the particle diameter is known Dp, the complex refractive index m = n + ik of 
the material comprising the aerosol particles, the wavelength of incident light λ, and 
Nc, the column density of particles (in units of particles per unit area): !!"# = !!!!"# !, !,!!, ! ! !!!!                                                  (1.3) 
where Qext is the extinction efficiency, which is the ratio of the optical cross-section 
of the particle to the geometric cross-section. Equation 1.3 also describes the 
absorption and scattering coefficient if the subscripts are replaced with ‘abs; or ‘sca.’ 
 Higher volatility compounds can condense on aerosol particles, which can 
change the size, composition (also affecting the complex refractive index), and shape 
of the aerosol particles, in turn affecting their direct radiative effects on climate. 
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Figure 1.2 (A) A ray of white light travels through a medium with real refractive 
index n1 and encounters a medium of real refractive index n2. At the 
interface between the two media, the incident ray hits at an angle θ1 
relative to an imaginary line normal to the plane of the interface. The 
ray is refracted as it travels through the prism, and chromatic 
dispersion occurs at an angle of θ2(λ) due to the dependence of n on λ. 
Image is from the cover of Dark Side of the Moon by Pink Floyd.      
(B) Light incident upon an absorbing material will attenuate according 
to the Beer-Lambert Law. 
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Typically, aerosol particles deliquesce – take up water (or, perhaps another higher 
volatility compound) – spontaneously at the deliquescence relative humidity (DRH). 
Once this DRH is reached and RH continues to rise, particle growth is continuous. 
However, when the process is reversed and RH is lowered, the particle follows a 
different trajectory once deliquesced. The particle loses water content continuously 
until it reaches the efflorescence relative humidity (ERH), which is often ower than 
the DRH. At the ERH, the particle spontaneously loses all liquid water. There is a 
hysteresis effect because deliquescence is controlled by equilibrium thermodynamics 
and efflorescence is controlled by nucleation kinetics. Figure 1.3 depicts the 
deliquescence and efflorescence of an aerosol particle. 
The right panel in Fig 1.1 depicts the indirect effect of aerosols: the radiative 
effects of clouds on climate depend on the number of cloud droplets per unit volume 
Ncloud, the size of the cloud droplets Dclouds, and the lifetime of the cloud τcloud, which 
depends on the first two parameters. All three of these parameters are affected by the 
properties of the aerosol from which they form. One key property of aerosol in 
regards to clouds is the supersaturation at which a particle will spontaneously grow 
into a cloud droplet, Sc. This property will affect Ncloud, Dclouds, and τcloud.  
Particle size, shape, and chemical composition of aerosol particles vary widely 
on different or even the same planetary body. Aerosol particles can range in size over 
four magnitudes, from 10 mm to 100µm (Seinfeld and Pandis, 1998), and, depending 
on the planetary atmosphere in the Solar System, can be composed of (but are not 
limited to) sulfates, mineral dust, hydrocarbons, and biogenic organics. Particle 
morphologies can range from perfect spheres, fractal aggregates (e.g. soot on Earth 
 7 
 
Figure 1.3  Liquid water content as a function of relative humidity (RH) with 
respect to an aerosol particle. As RH is increased above the 
deliquescence relative humidity (DRH), the particle deliquesces into 
an aqueous droplet. As RH is decreased, the particle does not 
effloresce until the efflorescence relative humidity (ERH) is reached. 
This hysteresis effect occurs because efflorescence is controlled by 
nucleation kinetics whereas deliquescence is controlled by equilibrium 
thermodynamics. In the case of planetary atmosphere, water could be 
substituted for another higher volatility compound. Figure is courtesy 
K. Baustian. 
 
 
 
 
 
 8 
or Titan haze), cubes (e.g. sodium chloride), and irregular shapes (e.g. mineral dust). 
An overview of aerosol particle chemical compositions and sizes found in planetary 
atmospheres in the Solar System is shown in Figure 1.4. 
In the proceeding sections, we will explore the climates, atmosphere, and 
aerosol of two planetary bodies: Saturn’s moon Titan and the early Earth. 
1.2 Titan  
1.2.1 Our evolving view of Titan 
Our view of Titan has evolved tremendously over the last decade with data 
from the Cassini-Huygens mission, as shown in Fig. 1.6. In Fig. 1.6(A), we see Titan 
from an Earth- bound perspective. This small blip was essentially our view of Titan 
from the time it was discovered by Christiaan Huygens in 1655 until Voyager I and II 
entered the Saturnian system in 1980 and 1981. Figure 1.6(B) shows an image 
captured by Voyager I. From Voyager I, we learned that the moon was smaller than 
we previously thought – it’s thick, opaque haze disguising its actual size. At the time, 
no clear images of the surfaces could be obtained, though later re-analysis of Voyager 
I data by Richardson et al. (2004) showed perhaps a coarse resolution of the surface.  
The Cassini spacecraft and the Huygens probe have changed our conception of Titan 
from a featureless globe to a complex and evolving planetary body. The Cassin-
Huygens mission has captured higher resolution images of Titan’s haze layers (Fig. 
1.5 (C)), shown us views of the rocky surface (Fig. 1.5 (D)) (Tomasko et al., 2005), 
discovered sand dunes straddling the equatorial regions (Fig. 1.5 (E)) (Lorenz et al., 
2006), shown us lakes of methane and ethane in the polar areas and higher latitudes 
(Fig. 1.5F) (Stofan et al., 2007), and even spotted strong evidence for cryovolcanism 
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Figure 1.4 Aerosol compositions and sizes found in planetary atmospheres 
throughout the Solar System. 
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Figure 1.5 Our evolving view of Titan. (A) An image of Titan as viewed from a 
telescope on Earth. Photo credit: Peter Muks Photography) (B) A 
Voyager I image of Titan capture in 1980. (C) The haze layers of 
Titan, as imaged by the Cassini. (D) A view of the surface of Titan 
from the Huygens probe. (E) Radar imaging found dunes likely 
composed of organic-water ice grains, straddling equatorial latitudes. 
(F) Radar imaging uncovered lakes of methane in the high latitudes 
and polar regions. (G) Most recently, strong evidence supporting 
cryovolcanic activity has been found. All images (B)-(G) courtesy of 
NASA. 
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 (Fig. 1.5(G)) (Kirk et al., 2010).  
1.2.2 Titan Haze 
 Yet, many mysteries still remain on Titan, particularly surrounding the 
atmosphere and thick, obscuring organic haze. Titan is the only other Solar System 
body to have a thick, mostly nitrogen (N2) atmosphere (~1.5 atm at the surface), like 
that of the Earth.  Additionally, Titan’s atmosphere contains about 2% CH4 by 
volume (Flasar et al., 2005; Niemann, et al., 2005, Waite et al., 2005).   
Titan’s most noticeable feature is its thick orangish-brown haze that obscures 
its surface features as shown in Figure 1.5(A - D). Haze is present in several distinct 
layers. The main haze deck is located at altitudes lower than 300 km, while over a 
dozen higher haze layers exist (Rages et al., 1983; Porco et al., 2005). Cassini has 
found a detached haze layer at 520 km (Porco et al., 2005). The haze is formed 
because solar ultraviolet (UV) light and energetic particles ejected from Saturn’s 
magnetosphere dissociate N2 and CH4 molecules. The fragments then react and 
polymerize to form organic aerosols that constitute the haze (McKay, 1996, Khare, et 
al., 1984). Observations of Titan aerosol indicate that they have a fractal aggregate 
structure and are typically modeled as particles composed of spherical monomer units 
attached in irregular patterns (Bellucci et al., 2009; Rannou et al., 1999; Tomasko et 
al., 2008). Huygens probe measurements of linear polarization of the haze (Tomasko 
et al., 2005) indicate that each monomer unit is roughly 100 nm in diameter. This was  
later confirmed with more detailed analysis by Tomasko et al. (2008) and Bellucci et 
al. (2009). 
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The organic particles formed from these processes have a profound effect on 
the radiative balance of the Titan atmosphere and surface temperature. Because the 
haze efficiently absorbs solar radiation, it produces an inversion in the atmospheric 
temperature profile of Titan. The haze acts as an anti-greenhouse agent, keeping the 
surface roughly 10% cooler than it would be without its presence (McKay et al., 
1991).  
1.3 The Early Earth   
 There is very little known about the composition and properties of the Earth’s 
atmosphere around the time life formed and initially evolved. Any constraints that we 
can place on the early Earth atmosphere rely on only two sources of information:      
1) the standard solar model and 2) rocks. Our understanding of the dynamics, 
chemistry, and radiative balance of planetary atmospheres determines how much 
information we can deduce from these data. The following subsections describe how 
the standard solar model places constraints on incoming solar irradiation at the top of 
the early Earth atmosphere, and how some compositional constraints can be placed on 
the atmosphere via geological evidence.  
1.3.1 The standard solar model 
 The sun, like any other main-sequence star, produces energy by fusing 
hydrogen into helium. According to the standard solar model, for over 4 billion years 
this hydrogen-to-helium conversion has slowly changed the sun’s core composition; 
its mass is now dominated by helium rather than hydrogen (Carroll and Ostlie, 1996). 
Since solar luminosity is a strong and positive function of the mean molecular weight 
of the core, the sun’s luminosity has correspondingly increased over time (Newmann 
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and Rood, 1977). As can be seen in Fig. 1.6, the standard solar model estimates a 
20% less luminous sun at the time the Earth formed, 2.8 billion years ago (BYA) 
(Gough, 1981; Newman and Rood, 1977), and its luminosity has increased, in a 
roughly monotonic manner, to its present value. 
 The major implication of the standard solar model for early Earth is that the 
planet received much less solar irradiance than today. Assuming present-day 
atmospheric composition, the Earth’s surface temperature would have been below the 
freezing point of water (273K), as recently as 2 BYA (Sagan and Chyba, 1997). 
However, as will be discussed in the proceeding section, freezing surface 
temperatures at and before 2 BYA are not supported by the geological record.    
1.3.2 The geological record 
 In contrast to the standard solar model’s implication of freezing surface 
temperatures at and before 2 BYA, several lines of geological evidence suggest 
ubiquitous liquid water was present well before 2 BYA. Mojzsis et al. (2001) and 
Wilde et al. (2001) report the earliest evidence of liquid water at 4.4 BYA, which they 
cite as the existence of 4.4 billion year-old zircons that have an isotopic composition 
consistent with formation in the presence of liquid water. Additionally, Nutman et al. 
(1997) report the earliest sedimentary deposits – evidence of the presence of liquid 
water – at 3.85 BYA.  There is also fossil evidence that life, presumably reliant on 
liquid water, existed throughout the Archean (Knoll and Barghoorn, 1977; Schopf et 
al., 2007; Walsh, 1992). 
One solution to this so-called “faint young sun paradox” is the presence of 
larger than current day concentrations of greenhouse gases. From paleosol record  
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Figure 1.6 Solar luminosity evolution throughout the Sun’s lifetime. The dashed 
vertical line represents the current age of the sun, 4.52 billion years 
ago. This line also roughly corresponds to the current age of the Earth. 
The intersection of the pink lines represents the solar luminosity at 2.8 
BYA, 80% of current day luminosity. (Figure from Carroll & Ostlie, 
1991) 
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constraints, carbon dioxide (CO2) 2.8 billion years ago is thought to have been 
present in concentrations approximately 20 to no more than 100 times higher than in 
the present day atmosphere (Rye et al., 1995; Sheldon, 2006). However, more recent 
studies of banded iron formations suggests CO2 concentrations were no more than 
three times higher than the present (Rosing et al., 2010). Despite the discrepancies in 
the geologic data regarding Archean CO2 concentrations, one fact remains clear: 
according to models, if CO2 were the only greenhouse gas, even the upper limit of 
CO2 concentrations allowed by paleosol data would not provide enough warming to 
offset the faint young sun (Haqq-Misra et al., 2008; Pavlov et al., 2000).  
Increased concentration of atmospheric methane (CH4) has been suggested as an 
additional source of greenhouse warming. During the Archean, CH4 may have existed 
in higher concentrations than present day due to methanogenic bacteria on the early 
Earth and the relatively long lifetime for CH4 in an anoxic atmosphere (Haqq-Misra 
et al., 2008). (Haqq-Misra et al., 2008).   Figure 1.7 (A) shows the calculated global 
surface temperature as a function of partial pressure of CO2 and mixing ratio CH4 
from Haqq-Misra et al. (2008). The space to the left of the dashed line, demarcating 
the maximum atmospheric CO2 allowed by paleosol constraints, and above the line at 
T = 273 K (the freezing point of water) indicate possible CO2-CH4 space in which the 
faint young sun paradox could be solved.  Their model, which includes CH4, CO2, 
H2O, and ethane (C2H6) as greenhouse gases found that < 0.03 bar CO2 and a mixing 
ratio of at least 10-3 CH4 in a nitrogen (N2)-based atmosphere could provide just 
enough warming to boost the global average surface temperature above 273 K.  
An atmosphere of primarily of N2 with smaller amounts of CH4 and CO2 reminds 
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Figure 1.7 (A) Early Earth surface temperature as a function of pCO2 and fCH4 
with the effects of organic haze with ethane included. (B) Early Earth 
surface temperature as a function of pCO2 and fCH4 with the effects of 
organic haze with ethane included. The arrow indicates 100 present 
day atmospheric levels CO2, the hard limit based on paleosol 
interpretation. (Both figures are from Haqq-Misra et al. (2008))  
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one of Titan and poses the possibility of an early Earth haze akin to Titan’s. Several 
workers have suggested the existence of such a Titan-like haze on the early Earth 
(Kasting et al., 1983; Sagan and Chyba, 1997; Zahnle, 1986). One of the same 
mechanisms of haze formation – UV photolysis – is just as viable on early Earth as on 
Titan, if not more so. Firstly, the Earth’s closer proximity to the sun than Titan’s 
provides a higher photon flux. Also, although the overall energy output of the sun was 
less a few billion years ago, the UV output was increased (Dorren and Guinan, 1994). 
Laboratory work has shown that an organic haze indeed forms from CH4-CO2 in N2 
gas mixtures exposed to UV light (Trainer et al. 2006; Trainer et al., 2004). Carbon 
dioxide has a comparable absorption cross-section to that of CH4 in the UV range, 
suggesting it could alter the rate of haze production and haze chemical composition 
from that observed on Titan. A recent model of the early Earth atmosphere predicts 
an organic haze with a significant optical depth will form in atmospheres with 
CH4/CO2 as low as 0.1 (Domagal-Goldman et al., 2008). Laboratory work 
corroborates these results. For example, Dewitt, et al. (2009) reports measureable 
aerosol generation from atmospheres with CH4/CO2 ≥ 0.1.  
When the radiative effects of spherical organic particles are included in the 
models (currently reliant on Titan haze optical properties), the warming is offset by 
the antigreenhouse effect of the haze, and the Faint Young Sun Paradox persists. 
Figure 1.7(B) illustrates this model result by showing how there are no available faint 
young sun solutions within the space allowed by paleosol constraints from Rye et al. 
(1995) (dashed line).  
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More recently, two new solutions to the problem have been suggested. Rosing 
et al. (2010) suggest that despite their new greenhouse-restrictive constraint on CO2 
levels, the Earth could have stayed warm because the surface albedo would have been 
less than at present due to the smaller continental area suggested by geologic 
evidence (Collerson and Kamber, 1999). Rosing et al. (2010) also suggest that clouds 
would have had lower albedo because with fewer cloud condensation nuclei (CCN), 
the droplets would have been larger. These two effects could have maintained the 
Earth above freezing. Alternatively the fractal organic aerosols suggested by Wolf 
and Toon (2010) may have provided a UV shield allowing NH3 to build up to 1-10 
ppmv. Such levels could also keep Earth above freezing even with CO2 and CH4 at 
only 1000 ppmv levels. Figure 1.8 from Wolf and Toon (2010) illustrates the ability 
of organic haze as a fractal aggregate to block UV radiation compared to organic haze 
as a sphere. Additionally, the fractal aggregate form blocks less visible light, as well, 
which means the haze has a smaller anti-greenhouse effect compared to the spherical 
organic haze. 
All early Earth models to date have had to rely on the optical properties from 
Khare et al. (1984), which published data on a Titan haze analog, created from 
relatively large amounts of CH4, no CO2, and a spark discharge source, an energy 
source inappropriate for simulating UV solar radiation. Yet Trainer et al. (2006) 
found key chemical differences between early Earth and Titan aerosol analogs. These 
chemical differences imply that the two aerosols have different optical properties. 
How do the optical properties of an early Earth analog differ from a Titan one?  
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Figure 1.8 The globally and annually averaged effective optical depth (τeff) 
plotted for both spherical and fractal models for a haze production rate 
of 1014 g year−1 and monomer particle radius rmon = 50 nm. (Figure 
from Wolf and Toon (2010)) 
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Would the optical properties of an early Earth analog reinforce the Faint Young Sun 
paradox to warm the young planet?  
1.4 Thesis Focus 
 A major focus of this thesis is to discover how optical properties of an early 
Earth analog differ from those of Titan analogs studied in tandem and reported in the 
literature. Previous to these studies, the optical properties of an early Earth analog 
have not been reported in the literature and have not been available for use in early 
Earth climate models. Additionally, the optical growth as a function of relative 
humidity and the cloud condensation nucleating ability of early Earth aerosol analogs 
is explored. The second major focus is to study the optical properties of Titan haze in 
order to better understand observations made from the Cassini-Huygens mission and 
to evaluate what energy sources and chemistry is involved in haze creation. These 
laboratory studies primarily used cavity ringdown aerosol extinction spectrometry 
and UV-Vis spectroscopy. 
 The following outlines the content of this thesis. Chapter II details our study 
on retrieving the complex refractive index of early Earth and Titan aerosol analogs 
using cavity ringdown aerosol extinction spectroscopy.  Chapter III focuses on the 
hygroscopicity of an early Earth aerosol analog and estimates the direct and indirect 
radiative effects of such an aerosol on early Earth. Chapter IV combines cavity 
ringdown aerosol extinction spectroscopy and ultraviolet-visible (UV-Vis) 
transmission spectroscopy to determine optical properties of early Earth and Titan 
aerosol analogs across the UV-Vis spectrum.  
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________________ 
Chapter II 
Optical properties of Titan & early Earth haze analogs in the mid-visible 
________________ 
2.1  Introduction 
Organic hazes are prevalent throughout the solar system. They have been 
identified in the atmospheres of Jupiter (Hord et al., 1979; Kim et al., 1985), Saturn 
(Gillett and Forrest, 1974), Uranus (Burgdorf et al., 2006), Neptune (Moses et al., 
1995), and, perhaps most famously, Saturn’s moon Titan (Smith et al., 1981; 
Tomasko et al., 2005). On Titan, a globally-ubiquitous hydrocarbon haze is generated 
from ultraviolet (UV) photolysis and electron initiated dissociation of methane (CH4), 
nitrogen (N2), and other trace species (Cabane and Chassefiere, 1995). The organic 
particles formed from these processes have a profound effect on the radiative balance 
of the Titanian atmosphere and surface temperature. Because the haze efficiently 
absorbs solar radiation, it produces an inversion in the atmospheric temperature 
profile of Titan. The haze acts as an anti-greenhouse agent, keeping the surface 
roughly 10% cooler than it would be without its presence (McKay et al., 1991). The 
opacity or transparency of any haze to a given wavelength of light is dictated by the 
aerosol size distribution, particle shape, and chemical composition. Chemical 
composition of the haze controls the optical properties of the aerosol – namely, the 
real and imaginary portions of its refractive index. The refractive index of Titan haze 
aerosol is needed to interpret spacecraft retrievals that determine several properties of 
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Titan aerosol, including particle size and single-scattering albedo as a function of 
altitude (Tomasko et al., 2005).  
Several laboratory studies on optical properties of Titan haze exist (Khare et 
al., 1984; Ramirez et al., 2002; Tran et al., 2003). These works have generated Titan 
aerosol analogs by exposing various Titan-relevant gas mixtures to either ion 
discharge sources or a UV emission line lamp. All of the previous studies collected 
the haze analog over long periods of time, on the order of hours to days, as thin films 
for analysis. These studies have resulted in the retrieval of imaginary refractive 
indices in the mid-visible that vary by over an order of magnitude. 
Several workers have suggested the existence of a Titan-like haze on the early 
Earth (Kasting et al., 1983; Sagan and Chyba, 1997; Zahnle, 1986). Such a haze 
might form if the early Earth atmosphere had higher than present day levels of CH4 
and carbon dioxide (CO2). While such greenhouse gases could offer a solution to the 
Faint Young Sun Paradox (Kasting et al., 1983; Sagan and Chyba, 1997), they could 
also form a Titan-like haze with a possible anti-greenhouse effect (Haqq-Misra et al., 
2008; McKay et al., 1991; Pavlov et al., 2001a). CO2 has a comparable absorption 
cross-section to that of CH4 in the UV range, suggesting it could alter the rate of haze 
production and haze chemical composition from that observed on Titan. A recent 
model of the early Earth atmosphere predicts an organic haze with a significant 
optical depth will form in atmospheres with CH4/CO2 as low as 0.1 (Domagal-
Goldman et al., 2008). Laboratory work corroborates these results. For example, 
Dewitt, et al. (2009) report measureable aerosol generation from atmospheres with 
CH4/CO2 ≥ 0.1.  
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Mass spectra of the aerosols produced from UV-irradiated Titan and early 
Earth atmosphere analogs show that the two aerosols are chemically different. Figure 
2.1(a) illustrates this by comparing mass spectra of typical Titan and early Earth 
aerosol analogs from Trainer et al. (2006). The Titan analog was made from a UV-
irradiated 0.1% CH4 in N2 gas mixture, while the early Earth analog was produced by 
photolysis of a mixture of 0.1% CH4 and 0.1% CO2 in N2. The spectra have been 
normalized to the total mass signal produced by each analog between m/z = 20 amu 
and 120 amu. The “picket fence” structure in both analog aerosol mass spectra is 
indicative of particles composed of aliphatic hydrocarbons. 
 Markers of the presence of aliphatic hydrocarbons are seen at m/z = 41 amu 
and at 14 amu (-CH2-) unit intervals (m/z = 55 amu, 69 amu, 83 amu, and etc.).  Also, 
there is evidence of inclusion of small amounts of aromatics such as benzene (m/z = 
77 amu) and toluene (m/z = 91 amu) fragments in both spectra. The presence of these 
aromatics is larger relative to the total mass in the Titan aerosol analog spectrum than 
the early Earth analog aerosol spectrum. There is a factor of two to three larger mass 
signal at m/z’s 28 amu (CO+), 30 amu (CH2O+), 44 amu (COO+), and 58 amu 
(C3H6O+) in the early Earth analog aerosol spectrum compared to the Titan analog 
aerosol mass spectrum. All four of these peaks are markers for oxygen incorporation 
into the particles, and may represent carboxylic acid, ester, or ether groups (Trainer et 
al., 2006). These differences between the two spectra are highlighted in Fig. 2.1(b), 
which shows the early Earth mass spectrum subtracted from the normalized Titan 
mass spectrum. Chemical differences imply that the two aerosols have different 
optical properties. The optical properties of early Earth haze aerosol analogs have not  
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Figure 2.1 (a) Averaged aerosol mass spectra for Titan and early Earth analogs. 
The mass spectra have been normalized to the entire signal between 
m/z = 20 amu and 120 amu. Data to the right of the dashed line at m/z 
= 50 amu are multiplied by 2 for ease of viewing. The black sticks 
represent mass spectra of Titan aerosol generated from a 0.1% CH4 in 
N2 gas mixture, and the thicker gray sticks represent mass spectra of 
early Earth aerosol generated from a 0.1% CH4 and 0.1% CO2 in N2 
gas mixture. The data are from Trainer et al. (2006). (b) The difference 
between the Titan and early Earth mass spectra from (a).  
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been previously reported in the literature, requiring models of the early Earth 
atmosphere to assume that the haze aerosol have the same optical properties as Titan 
analog aerosol (Domagal-Goldman et al., 2008; Pavlov et al., 2001a). 
In the present study, we have generated Titan and early Earth analog aerosols 
by exposing atmospheric analogs to a continuum UV source. We then used cavity 
ringdown aerosol extinction spectroscopy (CRD-AES) to measure the extinction of 
these particles at λ = 532 nm. We report the first measurements of Titan haze analog 
optical properties in the mid-visible that have been performed in situ on freely-
floating particles as well as the first optical properties of early Earth analog aerosol of 
any kind.  
2.2  Experimental Methods 
2.2.1  Aerosol generation and size selection 
 Our Titan atmosphere analog consisted of 0.1% ultra-high purity grade CH4 in 
a background of pre-purified N2. This gas composition, when photolyzed with UV 
light, produces particles that are chemically and physically similar to analog aerosols 
generated from a gas mixture with a more Titan-like CH4 concentration of 2% in N2. 
The 0.1% CH4 mixture provides higher mass signal for our main analysis instrument 
than other CH4-N2 mixtures irradiated by UV light (Trainer et al., 2006).  The early 
Earth analog atmosphere consists of 0.1% CH4 and 0.1% CO2 in N2. This mixture has 
a C/O ratio of 1 and is considered to be a plausible early Earth analog atmosphere, in 
terms of both the absolute concentrations of CH4 and CO2 and C/O ratio (Haqq-Misra 
et al., 2008; Pavlov et al., 2000). It lends itself well to comparison with the particles 
generated from the Titan analog gas mixture since the concentration of CH4 is the 
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same. Additionally, the highest production rate of both Titan and early Earth analog 
particles is found with these mixtures, providing our main analysis instrument with 
enough signal. 
Figure 2.2 shows a schematic of the experimental setup for the refractive 
index determination. All experiments were performed at room temperature and a 
pressure of 630 Torr. The relevant gases that represent the atmospheric analog of 
interest are introduced into a stainless steel mixing chamber and are allowed to 
diffusively mix overnight. The analog atmosphere is then flowed at 60 standard cubic 
centimeters per minute (sccm) into a reaction cell via a Mykrolis FC-2900 Mass Flow 
Controller. As the analog atmosphere flows through the reaction chamber, it is 
exposed to radiation from a water-cooled deuterium continuum UV lamp with MgF2 
windows (Hamamatsu Model L1835). The lamp emits photons from 115 nm to 400 
nm, peaking at 160 nm and therefore simulates vacuum ultraviolet solar radiation 
including the Lyman-α line. The irradiation from the lamp initiates aerosol 
production.  
After exiting the reaction chamber, the aerosol flow rate is increased to a total 
of 300 sccm by adding a dilution flow of pre-purified N2. The flow of dry, 
polydisperse aerosol then enters a Differential Mobility Analyzer (TSI Electrostatic 
Classifier Model 3080, DMA), where it is surrounded by a sheath flow of 1500 sccm 
dry N2. In the DMA, the flow is exposed to a Kr-85 Bipolar Charger, giving the 
particles a known bipolar charge distribution. Because the DMA size-selects 
according to electrical mobility, the exiting flow contains mainly positive singly- 
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Figure 2.2  Schematic of aerosol generation and CRD-AES instrumentation. 
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charged monodisperse particles. However, the flow also contains a small, but 
quantifiable population of larger, positive multiply-charged monodisperse particles. 
The DMA, in conjunction with a Condensation Particle Counter (TSI Model 3022, 
CPC), was used to measure size distributions of all the aerosols investigated. By 
selecting particles with sizes larger than the mode diameter of the size distribution, 
the influence of larger, multiply-charge particles was minimized. We describe our 
treatment of multiply-charged particles in §2.2.3. 
2.2.2  Cavity ringdown aerosol spectroscopy system 
 After the size-selected aerosol flow exits the DMA, it enters the CRD-AES. 
The body of the CRD-AES is a 0.85 m stainless steel tube. Highly reflective (R > 
99.998%) mirrors (Advanced Thin Films) are mounted on both ends of the tube. The 
second harmonic, 532 nm, from a neodymium-doped yttrium aluminum garnet laser 
(ND:YAG, Big Sky Laser Technologies, Quantel USA) is pulsed into the cavity and 
reflects back and forth many times on the mirrors. In a cell with only the background 
gas (devoid of particles) and over a characteristic timescale τo, the intensity of the 
light falls to 1/e of its initial intensity. When measuring τo for these experiments, the 
UV-irradiated gas mixture was flowed through the DMA, which was set to allow no 
particles through, as confirmed by the CPC. This ensured τo included any absorption 
or Rayleigh scattering from the original gas mixture and from any gases formed from 
exposure to the UV lamp.  However, it should be noted there was no discernible 
difference between τo’s observed when the lamp was on or off. A typical τo for our 
cell is 100 µs, which corresponds to an effective pathlength of 30 km. When the cell 
is filled with aerosol, the ringdown time is decreased to a new ringdown time, τ. The 
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degree to which the ringdown time is decreased is dependent on the concentration and 
the optical properties of the particles. By comparing the two ringdown times, a 
measure of the extinction coefficient bext (cm-1) can be made (Pettersson et al., 2004):  
                                                         (2.1) 
where RL is the ratio of the total cavity length (0.85 m) to the cavity length occupied 
by aerosol sample (0.75 m) and c is the speed of light. After exiting the CRD-AES, 
the size-selected particles enter a CPC that measures the particle concentration N 
(number cm-3).   
 Other optical quantities can be derived from bext and N, such as the extinction 
cross-section Cext (cm2 particle-1) = bext/N. The extinction cross-section Cext represents 
an effective area over which the particle removes and scatters energy from an incident 
beam of light.  The extinction efficiency Qext is a measure of how well a beam 
removes and scatters energy from an incident beam relative to its geometric cross-
section, Qext = 4Cext/(πD2), where D is particle diameter.  Analogous optical cross-
sections (C) and efficiencies (Q) exist for just the absorption and scattering 
properties, and are referred later in the text with the subscripts “abs” and “sca,” 
respectively. The single-scattering albedo (ϖ) is the ratio of the extinction due to 
scattering to the total extinction: ϖ = Qsca/Qext.  
2.2.3  Refractive index retrieval 
 It has been verified that both analog aerosols are spherical and chemically 
homogeneous in Trainer et al. (2006). Therefore, it is appropriate to apply Mie theory 
to extract the refractive index from our extinction measurements. Mie theory dictates 
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that the extinction of light by a sphere is a function of the incident wavelength of light 
(λ), the particle diameter, and the refractive index. The refractive index is composed 
of the real refractive index (n) and the imaginary refractive index (k). We measure or 
control for all of the parameters mentioned above except for n and k. Therefore, we 
can compare the measured extinction caused by a concentration of N particles of a 
particular D with values predicted from Mie theory for a range of n and k. To do this, 
we used a Mie code written in IDL (Grainger et al., 2004) and that is freely available  
(http://www.atm.ox.ac.uk/code/mie/index.html) to find the best-fitting refractive 
indices. Additionally, we take into account the effect of multiply-charged particles.  
Multiply-charged particles comprise a small fraction of the size-selected 
aerosol from the DMA. However, these interfering particles can have a significant 
influence on the extinction coefficient. By taking extinction measurements starting at 
sizes much larger than the mode diameter of the aerosol distribution, the influence of 
triply- and larger-charged particles is insignificant. In the current experiments, 
doubly-charged particles constitute 1% – 7% of the size-selected number 
concentrations. The influence of doubly-charged particles on the extinction is 
accounted for by calculating their fraction at a given selected size and incorporating 
that into our model of the extinction,                 
    (2.2) 
where f  is the fraction of particles designated as singly- or doubly-charged, and the 
subscripts +1 and +2 signify singly- or doubly-charged particles. The diameter of the 
doubly-charged particles, D+2, was measured experimentally by doubling the 
electrical mobility at the singly-charged diameter and noting what diameter this 
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corresponded to on the DMA. In order to calculate the concentration of doubly-
charged particles interfering at a selected singly-charged diameter, the interfering 
diameter was selected by the DMA and the concentration of particles at this size was 
measured by the CPC. The concentration measured at this diameter was assumed to 
be only singly-charged particles, and it was then converted into an interfering doublet 
concentration at the singly-charged size according to Wiedensohler et al. (1988).  The 
accuracy of these methods to predict the doublet size and interfering concentration 
was verified experimentally by size-selecting particles through one DMA and sending 
the size-selected population into a second DMA, which was set to automatically scan 
all sizes. The particles were then sent to a CPC to count the concentration. The 
difference between the measured fraction of interference and the values predicted by 
Wiedensohler et al. (1988) was less than 5%.  
 To determine which n and k provide the best fit to the observed extinction 
corrected for doubly-charged particles, we calculate the reduced cumulative fractional 
difference (CFDR) for a selection of particle sizes. The CFDR is defined as:  
                                     (2.3) 
where P is the number of particle sizes at which the extinction and concentration were 
measured. The CFDR measures the absolute value of the average fractional difference 
in the fit of the extinction for each pair of n and k relative to the measured value. The 
algorithm tested all n from 1.00 to 2.00 in increments of 0.01, while k was tested from 
0.000 to 0.500 in increments of 0.001. A CFDR value was calculated from extinction 
coefficient and particle concentration measurements for at least four sizes, termed one 
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“run.” The lowest CFDR value in the entire parameter space determined the best-
fitting n and k. By looking at CFDR contours in n - k space, we verified that the lowest 
CFDR values represented unique global minima in the data sets.  The reported 
refractive index values are averages of the best-fitting n and k from at least three runs, 
and the error reported is the standard deviation of all of the runs of one compound.    
2. 3 Results  
2.3.1 Refractive index retrieval for test cases 
 Two test cases were performed to verify the experimental approach and 
refractive index retrieval techniques. The first case was for a purely scattering 
compound, dry ammonium sulfate (Sigma Aldrich). The other case was nigrosin dye 
(Aldrich, CAS 8005-03-6), which is a scattering and highly absorbing substance. The 
refractive indices of both materials have been reported previously in the literature.  
The test case aerosols were generated from aqueous solutions (0.005 wt % for 
ammonium sulfate and 0.05 wt% for nigrosin) made with HPLC grade water. A 
syringe pump (Harvard Apparatus Model 70-2208) injected the solution into an 
atomizer (TSI Model 3076) with pre-purified N2 as the carrier gas. The aqueous 
particles were then flowed through several driers to ensure dry particles entered the 
CRD-AES cell. The relative humidity was monitored in the CRD-AES cell and did 
not exceed 10%. The spherical nature of both ammonium sulfate and nigrosin dye, 
generated via drying atomized aqueous solutions, has been confirmed in previous 
studies (Lack et al., 2006; Wise et al., 2005). The size range for which extinction 
measurements were made was dictated by the aerosol size distribution. Particles that 
were smaller than or comparable in diameter to the mode of the size distribution have 
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too much optical interference in the CRD-AES cell from multiply-charged particles. 
On the other hand, particles much larger than the mode of the size distribution are 
produced in too few numbers to generate measurable extinction. The size 
distributions of the test case aerosols are shown in Fig. 2.3(a) and 2.3(b). The mode 
diameters of the ammonium sulfate and nigrosin dye distributions were 66 nm and 
113 nm, respectively. 
Extinction coefficients and concentrations for ammonium sulfate particles 
with diameters from 125– 200 nm, in increments of 25 nm, were measured and 
corrected for doubly-charged particles. A contour plot of CFDR values in n – k space 
for one measurement of ammonium sulfate is shown in Fig. 2.4(a).  Fig. 2.5(a) shows the 
extinction efficiency Qext for the range of ammonium sulfate particle diameters, 
corrected for doubly-charged particles. The best-fitting refractive index is n = 
1.53±0.02 and k = 0.004±0.002, which produced an average CFDR value of 0.01. 
This refractive index is almost identical to the accepted refractive index for pure 
ammonium sulfate of n = 1.53 and k = 0.000 (Pettersson et al., 2004). Also, the result 
is similar to other CRD-AES retrieved values in the literature. Riziq et al. (2007) 
report n = 1.518 and k = 0.002 using measurements from a pulsed laser CRD-AES. 
Lang-Yona et al. (2009) report n = 1.52±0.01 and k = 0.01±0.01 for pulsed laser 
CRD-AES and n = 1.52±0.01 and k = 0.00±0.03 for continuous wave CRD-AES 
measurements.  
For nigrosin dye aerosol, extinction coefficients and concentration of particles 
with diameters 200 nm - 350 nm, in increments of 50 nm, were measured. A contour 
plot of CFDR values in n – k space for one measurement of nigrosin dye is shown in  
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Figure 2.3 Representative size distributions of (a) ammonium sulfate, (b) 
nigrosin dye, (c) the Titan analog, and (d) the early Earth 
analog. 
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Figure 2.4 Example contour plots of CFDR values in n - k space for one run of 
each compound: (a) ammonium sulfate, (b) nigrosin dye, (c) Titan 
analog, and (d) early Earth analog. Unless otherwise indicated, the 
contours are shown in CFDR increments of 0.05, and the asterisk 
represents the lowest CFDR value of each run. 
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Figure 2.5 (a) Extinction efficiency Qext versus particle diameter for ammonium 
sulfate. The points show measured data, the solid line shows Qext 
calculated for the best fit refractive index of n = 1.53 and k = 0.004, 
and the dotted line is for the accepted literature value of n = 1.53 and k 
= 0.000. (b) Extinction efficiency Qext versus particle diameter for 
nigrosin dye. The points show measured data and the solid line shows 
Qext calculated for the best fit refractive index of n = 1.75 and k  = 
0.338. The dotted line shows Qext calculated for the refractive indices 
retrieved by Lack et al. (2006). The shaded area represents the extreme 
values of Qext, calculated from the error reported by Lack et al. (2006) 
for their refractive index measurements. The extinction efficiencies for 
both aerosols have been corrected for interference of doubly-charged 
particles. 
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Fig. 2.4(b).  Figure 2.5(b) shows Qext versus nigrosin dye particle diameter corrected 
for doubly-charged particles. The resultant best fit is n = 1.75±0.02 and k = 
0.338±0.050 with an average CFDR value of 0.02. The retrieved refractive index is 
comparable to other workers’ retrieved values from a variety of techniques. Lack et 
al. (2006), which used both CRD-AES and photoacoustic spectroscopy, report a 
retrieved refractive index of nigrosin of n = 1.70±0.04 and k = 0.31±0.05. Riziq et al. 
(2007) report n = 1.65±0.01 and k = 0.24±0.01. Lang-Yona et al. (2009) report n = 
1.72±0.01 and k = 0.28±0.08. The dotted line in Fig. 2.5(b) shows the extinction 
efficiency for the measured refractive index of nigrosin dye aerosol by Lack et al. 
(2006). The shaded area represents the extreme values of Qext, calculated from the 
error in their reported refractive index measurement. The discrepancies that do exist 
among refractive index measurements of nigrosin dye likely arise from the fact that it 
is not a pure compound with a defined chemical formula, but rather a mixture of other 
dyes made as a batch. Our sample has an approximate molecular formula of 
C49H20N7S3O18 (elemental analysis performed by Columbia Analytical).   
2.3.2 Refractive index retrieval for Titan and early Earth haze 
 For both the Titan and early Earth haze analogs, extinction coefficients and 
concentrations were measured for a size range of 125 nm – 200 nm in increments of 
25 nm and corrected for doubly-charged particles. The size distributions for the Titan 
and early Earth aerosols are shown in Fig. 2.3(c) and (d), respectively. The Titan 
analog distribution has a mode diameter of 64 nm, and the early Earth analog 
distribution has a mode diameter of 53 nm. Contour plots of CFD values in n – k 
space for one measurement of the Titan and early Earth analogs are shown in Fig. 
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2.4(c) and (d), respectively.  Figures 2.6(a) and (b) show Qext versus diameter 
corrected for doubly-charged particles. The best fit refractive index for the Titan 
analog is n = 1.35±0.01 and k = 0.023±0.007, while the early Earth value is n = 
1.81±0.02 and k = 0.055±0.020, respectively. The goodness of fit, as assessed by an 
average CFDR for three runs consisting of four sizes, was 0.04 for the Titan sample, 
and 0.02 for the early Earth analog.  
 Figures 2.6(a) and (b) also show Qsca and Qabs calculated for the best fit 
refractive index. For the Titan case, these measured refractive indices indicate that 
30% - 56% of the extinction caused by particles of 125 nm – 200 nm diameter is from 
absorption. In the early Earth case, 15% - 36% of the extinction is caused by 
absorption over the same range. In order to verify that enough of the extinction was 
caused by absorption to determine k, particularly for the early Earth case, we 
calculated the refractive indices of the two analogs if 100 nm diameter particles were 
included in the fit. The ratio of absorption to scattering steeply increases as particle 
diameter decreases, so by including these smaller particles, we could investigate the 
robustness of our k measurements. Approximately 65% and 51% of the extinction at 
100 nm diameter particles is caused by absorption for the Titan and early Earth cases, 
respectively. Extinction measurements at this diameter were officially excluded since 
they were considered to be too close to the mode diameters of the analog populations 
and too influenced by interfering multiply-charged particles. However, when the 
extinction of the 100nm particles were included in the fit, the resultant refractive 
indices for both analogs were within 0.01 of the reported n values and 0.004 of the 
reported k values. These deviations are well within the reported error. 
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Figure 2.6 Extinction efficiency Qext versus particle diameter for (a) the Titan and 
(b) early Earth analog aerosols. The points show measured data and 
the solid line shows Qext calculated for the best fit refractive index of 
(a) n = 1.35 and k = 0.023 and (b) n = 1.81 and k = 0.055. The 
extinction efficiencies have been corrected for interference of doubly-
charged particles. Qsca (black dashed line) and Qabs (gray dashed line), 
calculated from the best fit refractive indices, are also shown. 
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2.4. Discussion 
2.4.1 Comparisons of Titan and early Earth optical constants to other studies 
Table 2.1 compares our retrieved refractive indices with previously published 
Titan aerosol analog refractive indices, linearly interpolated to λ = 532 nm. All 
studies differ in their use of energy source, atmospheric mixture, and/or reaction 
pressure. The Titan analog studied by Khare et al. (1984) was generated by exposing 
a 10% CH4 in N2 gas mixture to an electric discharge at 0.15 Torr. Ramirez et al. 
(2002) used a cold plasma discharge and a gas mixture of 2% CH4 in N2 at  1.5 Torr. 
The discharge sources used by Khare et al. (1984) and Ramirez et al. (2002) were 
primarily designed to simulate the chemistry initiated by energetic electrons that 
impact the top of Titan’s atmosphere but do not fully simulate reactions initiated by 
UV photolysis, also thought to be an important driver in Titan aerosol production 
(Sagan and Thompson, 1984; Yung, et al., 1984). Tran et al. (2003) used a variety of 
initial gas mixtures containing varying amounts of H2, CH4, HC3N, C2H4, C2H2, and 
N2. The various gas mixtures were exposed to a mercury lamp, which emitted 
photons at 185 nm and 254 nm. The reaction cell for their experiment was kept at 
pressures from 100 Torr – 700 Torr.  A recent study by Vuitton et al. (2009) used 
similar experimental conditions to Tran et al. (2003) but used different analysis 
techniques. Our Titan aerosol analog refractive index has the smallest real refractive 
index reported, and an imaginary refractive index that is comparable to most of the 
other values.  
Previous chemical analysis indicates that the UV-generated Titan aerosol  
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Table 2.1: Comparison of measured refractive indices and experimental conditions of 
this work with other Titan analog studies. All refractive indices from other 
studies are linearly interpolated to λ = 532 nm.  
 
 
 
 
 
 
 
 
 
Study n k Gas Mixture Energy Source P 
(Torr) 
T 
(K) 
This study,  
Titan 
1.35±0.01 0.023±0.007 0.1% CH4 in N2 Continuum UV: 
 λ = 115 – 400 nm 
630  297 
 
This study,   
early Earth 
 
1.81±0.02 
 
 
0.055±0.020 
 
0.1% CH4 and 
0.1% CO2 in N2 
 
Continuum UV  
λ = 115 – 400 nm 
 
630  
 
297 
 
Khare et al. 
(1984) 
 
1.71±0.04 
 
0.032±0.010 
 
10% CH4 in N2 
 
electrical 
discharge 
 
0.15 
 
297 
 
Ramirez et 
al. (2002) 
 
1.569±0.0025 
 
0.0025±0.0009 
 
2% CH4 in N2 
 
DC cold plasma 
discharge 
 
1.5 
 
298 
 
Tran et al. 
(2003) 
(Analog A) 
 
1.58 
 
 
0.054 
 
1.8% CH4,         
0.2% H2, 0.03% 
C2H4, 0.035% 
C2H2, 0.0017%  
HC3N in N2 
 
Emission line UV: 
λ = 185 nm and 
254 nm 
 
700 
 
297 
 
Vuitton et 
al. (2009) 
(Analog I) 
 
 
 
 
n/a 
 
0.022 
 
Same as in Tran 
et al. (2003)  
 
Emission line UV: 
λ = 185 nm and 
254 nm 
 
700 
 
297 
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analog used in the present work contains mostly aliphatic compounds with small 
amounts of polycyclic aromatic hydrocarbons (PAHs) (Fig. 2.1). Conversely, electric 
discharge-generated Titan aerosol formed from a mixture of  > 1% CH4 contain 
significant amounts of PAHs, much more than aerosol formed from < 1% CH4 
(Trainer et al., 2004). The presence of aliphatic compounds in the UV-generated 
Titan aerosol analog is consistent with recent Visible and Infrared Mapping 
Spectrometer solar occultation data that show evidence of short aliphatic chains 
connected to larger hydrocarbons (Bellucci et al., 2009). A typical real refractive 
index for a straight-chain aliphatic compound is 1.40, while PAHs typically have a 
higher value of 1.60 (Lide, 1996). Our measured n of 1.35 is closer to that expected 
for aliphatic species than for aromatics, which is consistent with the chemical 
fragment pattern observed in Trainer et al. (2006). 
There are no direct comparisons to make with the early Earth analog refractive 
index because it has not been measured previously; however, it has a real refractive 
index that is higher than all of the Titan analog values, and an imaginary refractive 
index that is higher than all of the other values except for one case from Tran et al. 
(2003). The higher real refractive index is expected due to the larger real refractive 
index found in oxygenated versus non-oxygenated hydrocarbons in the mid-visible 
(Lide, 1996). Interestingly, some HUmic-LIke Substances (HULIS) – oxygenated 
organics generated from biogenic processes – also have higher k values of 0.023 – 
0.094 (Dinar et al., 2008).  
We compare our results more extensively to the groundbreaking work of 
Khare et al. (1984), since it is most commonly used in both Titan and early Earth 
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atmospheric radiative transfer models and Titan spacecraft retrieval data analyses 
(McKay et al., 1989; Pavlov et al., 2001b; Rannou et al., 1997; Tomasko et al., 2008; 
Toon et al., 1992). Hereafter, we will refer to the Khare et al. (1984) Titan aerosol 
refractive indices linearly interpolated at λ = 532 nm as the “Khare values.”  
Figure 2.7 compares the ratio of scattering, absorption, and extinction 
efficiencies, as well as single-scattering albedos calculated with Mie theory for 
spherical particles with our retrieved Titan and early Earth refractive indices to the 
Khare values over a range of particle diameters at λ = 532 nm. At small sizes (D < 0.1 
µm), our Titan analog aerosol scatters about 30% of the light that its Khare particle 
counterpart scatters.  The early Earth analog aerosol scatters and extinguishes more 
light overall than a Khare aerosol of the same size in this range. At a mid-size range 
(0.1 µm < D < 1 µm), the Titan analog aerosol absorb increasingly less than the Khare 
aerosol as particle size increases. The Titan aerosol is less scattering and 
extinguishing than the Khare aerosol until particles reach D ~ 1 µm. At this size, the 
Titan analog aerosol scatter and extinguish more light than their Khare counterparts. 
The absorption of the early Earth aerosol analog is much larger than Khare aerosol of 
the same size for almost all of the mid-size range. At the largest sizes shown (D >      
1 µm), there are only small differences between any of the optical efficiencies for the 
Titan and early Earth analog particles and the Khare ones, except that the absorption 
efficiency for the early Earth aerosol is about a factor of two larger than the Khare 
aerosol value.  We analyze some of the implications these differences in the refractive 
index could produce in Titan and early Earth environments in the following section. 
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Figure 2.7 Ratio of calculated optical properties for spherical particles 
(single monomers) with refractive indices retrieved from the 
(a) Titan and (b) early Earth aerosol analogs to those reported 
by Khare et al. (1984).  
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2.4.2  Implications for Titan aerosol 
Observations of Titan aerosol indicate that they have a fractal aggregate 
structure and are typically modeled as particles composed of spherical monomer units 
attached in irregular patterns (Bellucci et al., 2009; Rannou et al., 1999; Tomasko et 
al., 2008). We use a semi-empirical fractal aggregate Mie code from Rannou et al. 
(1999) to compare our retrieved Titan analog refractive indices with the Khare 
values. The FORTRAN code requires input of monomer size, number of monomer 
units in an aggregate, incident wavelength of light, fractal dimension, and refractive 
index. The code outputs the absorption and scattering cross-sections of the 
aggregates, as well as the asymmetry parameter g. From the absorption and scattering 
cross-sections, the total extinction cross-section and single-scattering albedo can also 
be calculated. For our calculations, we assume monomer units with diameters of 100 
nm, since this is the size indicated from Huygens probe measurements of linear 
polarization of the haze (Tomasko et al., 2005), and later confirmed with more 
detailed analysis by Tomasko et al. (2008) and Bellucci et al. (2009). We assume a 
fractal dimension of 2 because this is considered to be a typical value for aggregates 
in Titan’s atmosphere, growing under a ballistic cluster-cluster diffusion aggregation 
process (Rannou et al., 1999).  
We compare Qext, Qabs, Qsca, and g of fractal aggregates, comprised of 
monomer units that have our retrieved Titan analog refractive indices to ones using 
the Khare values. Figure 2.8 shows the ratio of our calculated optical properties to 
Khare’s for various sized fractal aggregates, where Nm represents the number of 
monomer units in a fractal aggregate and ranges from 1 to 10000 units. There is little  
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Figure 2.8 Ratio of optical properties of fractal aggregate aerosol 
containing monomer units with refractive indices retrieved 
from the Titan aerosol analogs in this work to those reported by 
Khare et al. (1984). The shaded region represents the 
physically relevant range of monomer units per aggregate 
fractal that aerosol models have inferred from spacecraft 
observations. 
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difference between g obtained for our Titan analog refractive indices and the Khare 
value for Nm > 10. This result is expected, since particles of any composition that are 
large compared to the incident wavelength of light, spherical or otherwise, are strong 
forward scatterers  (Bohren and Huffman, 1983). There are significant differences in 
calculated values of the ratios of the optical efficiencies for the entire range of Nm. 
For a Titan-relevant range of Nm (100 – 10000 units; Tomasko et al., 2005; Tomasko, 
et al., 2008; Bellucci, et al., 2009), the ratios of aerosol optical efficiencies using our 
Titan analog values to Khare’s are approximately constant and all less than one. 
Average values of the ratio of absorption, scattering, and extinction efficiencies using 
our measured refractive indices compared to ones calculated to the Khare values for 
100 ≤ Nm ≤ 10000 are 0.79, 0.25, and 0.30, respectively. In other words, the particles 
generated in this work are more transparent at the visible wavelength studied than 
particles having the Khare values. These large differences indicate that inferences 
made from optical depth retrievals of Titan haze, such as the number of monomer 
units, are sensitive to refractive index. For example, it would take triple the number of 
100 – 10000 monomer unit fractal aggregates composed of Titan aerosol analogs 
from this work to equal the same extinction at λ = 532 nm caused by otherwise 
identical aerosol with refractive indices equaling the Khare values. However, it  
should be noted that the current state of knowledge of Titan fractal aggregates is only 
able to constrain the number of monomer units by a factor of 2 at best (Tomasko et 
al., 2008). 
Figure 2.9 shows the single-scattering albedo of fractal aggregates (D = 100 
nm for each monomer unit) calculated using refractive indices from this work, the  
 48 
 
Figure 2.9 Single-scattering albedo of fractal aggregate aerosol containing 
monomer units with refractive indices retrieved from the Titan 
aerosol analogs in this work and those reported by Khare et al. 
(1984). The circles denote values calculated for aggregates 
using Khare values, squares denote values calculated for 
aggregates using the Titan aerosol analog refractive index 
reported in this work, and the triangles denote values calculated 
from the Khare values with the imaginary refractive index 
multiplied by a factor of 1.5. The shaded region represents the 
physically relevant range of monomer units per aggregate 
fractal that aerosol models have inferred from spacecraft 
observations. 
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Khare values, and the Khare values with k increased by a factor of 1.5. This factor has 
been used to make models of Titan’s geometric albedo match observations (Rannou 
et al., 1995; Toon et al., 1992). The shaded region denotes the range of Nm, from 100 
– 10000 monomer units, that aerosol models require to fit observations (Bellucci et 
al., 2009; Tomasko et al., 2008). Over the entire range of Nm tested, the single-
scattering albedos calculated with the scaled Khare refractive index values fall in 
between results for the non-scaled Khare values and our Titan aerosol analog values. 
The fact that the refractive index of these two analog aerosols, generated with 
different energy sources, yield single-scattering albedos of aggregates above and 
below what is actually observed on Titan is suggestive. Perhaps the two different 
types of aerosol formation processes that occur on Titan, one photochemical and the 
other electrical, result in an observed mixture of two aerosol populations with 
significantly different optical properties. However, other parameters in addition to 
energy source, such as analog gas mixture, reaction pressure, and analysis method, 
also differ between the Khare experimental set up and this work.  
2.4.3 Implications for the Early Earth 
In order to gauge the effect of the difference between the refractive indices 
retrieved for the early Earth and Titan analogs, we will use a simple, gray radiative 
scheme to model the radiation balance of the early Earth atmosphere. This calculation 
is meant to illustrate how sensitive the early Earth climate may have been to an 
organic haze in terms of amount of haze material and optical properties. It is not 
meant to estimate actual conditions on the early Earth.   
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In a gray radiative scheme, the opacity is considered constant for infrared (IR) 
and solar radiation. This scheme includes both the greenhouse effect of the 
constituent gases and the anti-greenhouse effect of the aerosol (Bellucci et al., 2009; 
McKay et al., 1999). The surface temperature TS is given by: 
                                           (2.4) 
where σ is the Stefan-Boltzmann constant, Fg is the geothermal heat term, τ* is the IR 
opacity, and Fs is the incident sunlight absorbed at the surface and averaged over the 
disk. Fs can be expressed as (1 - a)F0/4, where F0 is the solar constant and a is the 
albedo). The fraction of incident light (not reflected out to space) that is absorbed by 
the stratospheric haze layer is defined as γ. Mathematically, we can define γ in terms 
of the total reflectance of a layer R, total absorbance A, and total transmittance T 
(where T = 1 – R – A): 
                                                                           (2.5) 
We can define  R = 2βτsca and A = 2τabs, where β is the fraction of incident light that is 
scattered into the upper hemisphere and τsca and τabs are the scattering and absorption 
optical depths, respectively (Chylek and Wong, 1995). An optical depth τ of any kind 
is equivalent to Cρc, where C is an optical cross-section (cm2 particle-1) and ρc is the 
column density (particles cm-2). Substituting these terms into Eq. 2.5, γ can be written 
as: 
                                                              (2.6) 
In the following calculations, β is approximated as (1 – 0.5g)/2, where g is the 
asymmetry parameter, as done by Sagan and Pollack (1967) and Chylek and Wong 
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(1995). Equation 2.6 allows us to calculate γ for aerosol with different refractive 
indices, since both scattering (Csca) and absorption (Cabs) optical cross-sections of 
spherical particles are functions of refractive index. By combining Eqns. 2.4 and 2.6, 
the surface temperature of the early Earth can be calculated as a function of IR 
opacity and particle column density. 
 Figure 2.10 shows a contour plot of surface temperature (in degrees K) for 
varied values of IR opacity and particle column density for the early Earth using three 
different aerosol refractive indices: the Khare (1984) values and our Titan and early 
Earth organic haze aerosol analog values. The corresponding values of γ are shown on 
the top axis of each plot.  For a given IR opacity, increasing column density decreases 
the surface temperature. In all three scenarios, as γ approaches its maximum value of 
1, corresponding to a complete anti-greenhouse, the surface temperature 
asymptotically reaches its physically allowable minimum surface temperature of of 
the effective temperature (McKay et al., 1999). In the case of an early Earth 
experiencing 80% of present day solar irradiance, this minimum temperature is 
approximately 202 K. The difference among these three scenarios is the amount of 
particles needed to induce this anti-greenhouse effect observed for a given IR opacity.  
The early Earth case requires approximately 30% fewer particles to reach γ of 1 
than the Khare analog case and 60% fewer than the Titan analog case. For column 
densities greater than 2 × 1010 particles cm-2, there are significant differences among 
the three scenarios. For instance, if the early Earth had an IR opacity of 1, the surface 
temperature with no haze layer present would be 276 K. If it also had an organic haze 
of 2.5 × 1010 haze particles cm-2, the surface temperature in the three cases would be 
4 2
1
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Figure 2.10 Contour plot of early Earth surface temperature (in degrees K) for a 
range of IR opacities and aerosol particle column densities. The 
particles are assumed to be 100 nm diameter spheres. The top axis 
shows values of γ that correspond to column densities. Each plot 
assumes different values of the refractive indices of the aerosol 
particles: (a) Khare et al. (1984) values, (b) Titan analog values from 
this work, and (c) early Earth analog values from this work.  
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approximately 261 K, 267 K, and 269 K assuming refractive indices of the early Earth 
analog aerosol, the Titan analog aerosol, and Khare analog aerosol, respectively. These 
temperature depressions are comparable to the 10 K anti-greenhouse effect on Titan 
and to cooling predicted for nuclear winter scenarios involving soot injected into the 
stratosphere on present day Earth (Robock et al., 2007). However, much smaller and 
larger differences are possible, all dependent upon the amount of haze material 
present.  
These calculations are not meant to show hypothesized early Earth surface 
temperatures for the three cases; realistic values require detailed aerosol models to 
determine appropriate particle size, concentration, structure (spherical versus 
aggregate), and distribution throughout the atmosphere. Rather, the purpose of this 
calculation is to illustrate the large differences in radiative impacts that the refractive 
index of each aerosol type have, emphasizing the importance of incorporating the most 
appropriate optical properties for a given type of aerosol into early Earth radiative 
transfer models. For future studies, we are planning on expanding this single 
measurement of n and k in the mid-visible to the UV and IR. Measurements of n and k 
at this single wavelength will enable us to conduct future optical hygroscopic growth 
studies of early Earth aerosol. These studies will help to more fully understand the 
effect these aerosol may have had on the radiative balance of the early Earth 
atmosphere.  
2.5  Conclusion 
We have measured refractive indices at λ = 532 nm for two organic aerosol 
analogs.  One is relevant for aerosol generated by UV photolysis in the atmosphere of 
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Titan, while the other is relevant for aerosol that may have been photolytically 
produced in a mildly reducing early Earth atmosphere. For our Titan analog particles, 
we find a real refractive index of n = 1.35±0.01 and an imaginary refractive index k = 
0.023±0.007, and for the early Earth analog particles we find n = 1.81±0.02 and k = 
0.055±0.020. The results indicate that Titan analog aerosol from this study have a 
lower real refractive index and a similar imaginary refractive index compared to 
values reported in Khare et al. (1984). For a given amount of extinction, three times 
as many fractal aggregates composed of 100 - 10000 monomer 100 nm diameter units 
having the Titan analog refractive index from this study would be needed compared 
to identically-sized particles having the Khare (1984) value. The measurements of the 
early Earth aerosol analog indicate that the incorporation of oxygen into the particles 
greatly increases the refractive index of the particle. According to our simple 
radiative scheme of the early Earth atmosphere, these early Earth organic aerosol 
have a profoundly harsher anti-greenhouse effect than their Titan counterparts.  
 
 
 
________________ 
Chapter III 
Potential climatic impact of organic haze on the Early Earth  
________________ 
3.1 Introduction 
Archean Earth would seem an alien and hostile planet to most current day 
terrestrial life. A greater fraction of the early Earth may have been covered with water 
than the current day Earth because continents have formed slowly (Collerson and 
Kamber, 1999; Rosing et al., 2010), though the continental area as a function of time 
is poorly constrained. Mass-independent isotopic signatures of sulfur from sulfide and 
sulfate (Farquhar et al., 2000), studies of reduced and oxidized iron and uranium 
minerals (Cloud, 1972), and microfossil and paleosol records (Walker, 1983) indicate 
that atmospheric oxygen was virtually absent in the atmosphere before 2.45 billion 
years ago. An anoxic atmosphere is incapable of generating an ozone layer, which 
shields life from lethal ultraviolet (UV) radiation in the present atmosphere. A near-
global orange-brown organic haze, much like that found on current day Titan, may 
have obscured the sky.  It has been thought that the haze would create a significant 
antigreenhouse effect and cool the Earth (Domagal-Goldman et al., 2008; Haqq-Misra 
et al., 2008; Pavlov et al., 2001b; Trainer et al., 2006). However, Wolf and Toon  
(2010) suggested that this haze may have been composed of fractal particles. Such 
particles form an effective UV shield that allows greenhouse gases such as ammonia 
(NH3) to accumulate, while creating a smaller cooling effect than previously thought. 
The Sun, too, was a very different entity 2.8 billion years ago. Based on observations 
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of other Sun-like systems, UV radiation from the sun may have been significantly 
higher than that of the present (Dorren and Guinan, 1994). Due to the typical 
progression expected of a main sequence star, the Sun has become more luminous as 
it has aged; 2.8 billion years ago it had 80% of the luminosity that it has today 
(Gough, 1981; Newman and Rood, 1977).  
A simple radiative balance calculation indicates that the limited amount of 
solar radiation received by the early Earth would have resulted in a frozen planet if 
the atmosphere had the same greenhouse effect as it has today (Sagan and Chyba, 
1997; Sagan and Mullen, 1972).Yet, studies of uranium, lead, and oxygen isotopes in 
ancient zircons (Mojzsis et al., 2001; Wilde et al., 2001) have indicated the presence 
of ubiquitous liquid water over 4 billion years ago. There is also ample fossil 
evidence that life, which is presumably reliant on liquid water, existed throughout the 
Archean (Knoll and Barghoorn, 1977; Schopf et al., 2007; Walsh, 1992).  One 
solution to this so-called “faint young Sun paradox” is the presence of larger than 
current day concentrations of greenhouse gases. From paleosol record constraints, it 
is believed that 2.8 billion years ago carbon dioxide (CO2) was present in 
concentrations approximately 20 to no more than 100 times higher than 
concentrations in the present day atmosphere (Rye et al., 1995; Sheldon, 2006).  
However, recent studies of banded iron formations suggest that CO2 concentrations 
were no more than three times higher than those of the present (Rosing et al., 2010). 
Despite the discrepancies in the geologic data regarding Archean CO2 concentrations, 
one fact remains clear: according to models, if CO2 were the only greenhouse gas, 
even the upper limit of CO2 concentrations suggested by paleosol data would not 
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have provided enough warming to offset the faint young Sun (Haqq-Misra et al., 
2008; Pavlov et al., 2000). Increased concentration of atmospheric methane (CH4) has 
been suggested as an additional source of greenhouse warming. During the Archean, 
CH4 may have existed in higher concentrations than those of the present day due to 
methanogenic bacteria on the early Earth and the relatively long lifetime for CH4 in 
an anoxic atmosphere (Haqq-Misra et al., 2008). Models of the early Earth 2.8 billion 
years ago have indicated that < 0.03 bar CO2 and a mixing ratio of at least 10-3 CH4 in 
a nitrogen (N2)-based atmosphere could have provided enough warming to boost the 
global average surface temperature above 273 K (Haqq-Misra et al., 2008). When the 
radiative effects of spherical organic particles are included in the models, however, 
the warming is offset by the antigreenhouse effect of the haze, and the paradox 
persists (Haqq-Misra et al., 2008). More recently, two new solutions to the problem 
have been suggested. Rosing et al. (2010) suggested that, despite their new 
greenhouse-restrictive constraint on CO2 levels, the Earth could have stayed warm 
because the surface albedo would have been less than it is at present due to the 
smaller continental area. They also suggested that clouds would have had lower 
albedo because, with fewer cloud condensation nuclei (CCN), the droplets would 
have been larger.  These two effects could have maintained the Earth above freezing. 
Alternatively, the fractal organic aerosols suggested by Wolf and Toon (2010) may 
have provided a UV shield, which would have allowed NH3 to build up to 1-10 ppmv.  
Such levels could also keep Earth above freezing even with CO2 and CH4 at only 
1000 ppmv levels. 
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Titan, a moon of Saturn, may act as an analog to the early Earth because its 
stratosphere is mostly N2 with 1.5% CH4 (Flasar et al., 2005; Niemann et al., 2005). 
A ubiquitous organic haze is formed from the photolysis and electron-dissociation of 
CH4 and N2. When CO2 is added to analog atmospheres - either in the laboratory or in 
photochemical models, a haze forms from a gas mixture with a ratio of CH4/CO2 = 
0.1 or higher (DeWitt et al., 2009; Domagal-Goldman et al., 2008).  On Titan, the 
direct effect of the haze, which is to scatter and absorb sunlight, lowers the surface 
temperature on Titan by approximately 10% or 9 K, compared to a scenario without 
the haze  (McKay et al., 1991). A ubiquitous haze on the early Earth would have had 
profound consequences on climate in terms of both its direct and indirect effects. 
Several laboratory and modeling studies have investigated the direct effect of possible 
early Earth aerosol (Haqq-Misra et al., 2008; Khare et al., 1984; Wolf and Toon, 
2010), though none have investigated how humidified aerosols would have altered the 
direct effect on early Earth.   
The effects of early Earth aerosol on cloud radiative properties, termed the 
indirect effect of the aerosol, have not been previously investigated in any laboratory 
study nor explicitly explored by models. Yet, there are compelling reasons to 
investigate the cloud-forming ability of these aerosol particles. First, the haze layer 
formed by these aerosol particles would likely have been nearly global in extent 
(Wolf and Toon, 2010). Second, many of the sources of CCN in our present day 
atmosphere would not have existed, or would have been greatly reduced, in the early 
Earth atmosphere.  Most CCN on current day Earth are sulfates, which should have 
been rare on early Earth, or sea salt aerosol, which dominate in the marine boundary 
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layer but usually exist no more than 2 km in altitude (Seinfeld and Pandis, 1998). 
Therefore, an organic aerosol haze, generated from UV photolysis of CH4, may have 
dominated the CCN in some regions of the Archean atmosphere. Specifically, the 
lack of other CCN sources would have been due to the absence of oxygen, which 
precludes most current day natural biogenic and anthropogenic aerosols, and the lack 
of landmass, which supplies dust aerosol to the current day atmosphere. Typical CCN 
concentrations in our current atmosphere are on the order of 100 – 1000 cm-3, 
depending upon whether the air mass is maritime or continental (Rogers and Yau, 
1996). Estimates of non-anthropogenic or “natural” concentrations over the current 
day oceans range from 50 – 200 CCN cm-3, due largely to products of biological 
activity and inorganics (Andreae and Rosenfeld, 2008). In the most remote areas of 
the present world, where anthropogenic and oxygen-reliant biogenic aerosol 
influences are minimized – perhaps reminiscent of aerosol concentrations on the early 
Earth – typical concentrations are only a few tens per cm3 (Andreae and Rosenfeld, 
2008). Kump and Pollard (2008) showed that fewer CCN during the Cretaceous may 
have decreased cloud coverage and, hence, decreased the Earth’s effective albedo, 
enough to warm the planet significantly. Recently, Rosing et al. (2010) modeled the 
effects of fewer CCN during the Archean than at present and showed that the 
resultant planetary albedo would be low enough to provide enough warming to offset 
the faint young Sun. Ronadanelli and Lindzen (2010) showed that increased cirrus 
clouds in the tropics could have offset a faint young Sun but mentioned no 
mechanism for their formation. Recent work by Goldblatt and Zahnle (2010) pointed 
out that a better understanding of the mechanisms by which early Earth clouds 
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formed is needed before the role clouds played in radiative forcing on the early Earth 
can be properly constrained.  	  
 Investigations into the hygroscopicity and ability of early Earth analog 
aerosols to serve as CCN are especially compelling projects, given the important role 
humidified aerosols and clouds must have played in both the radiative balance and 
hydrological cycle of our early planet. The present study is the first to report 
hygroscopicity measurements of an early Earth analog aerosol. From these 
measurements, we have calculated how the aerosol will take up water at any RH 
(above or below 100%), which thus allowed us to estimate the humidified aerosol’s 
inferred direct (i.e., antigreenhouse effect) and indirect (i.e., CCN ability) effects. We 
measured the hygroscopicity of Titan analog aerosol for comparison. 
3.2 Experimental Methods 
A tandem cavity ringdown aerosol extinction spectrometer (CRD-AES) was 
used to measure the optical growth factor, f(RH), of early Earth and Titan analog 
aerosol for range of particle diameters. The optical growth is defined as:  ! !" = !!"#!"#!!"#!"#                                                   (3.1) 
                                                               
where !!"#!"# and !!"#!"# are the extinction coefficients (cm-1) measured under humidified 
and dry conditions, respectively. A schematic of the experimental setup is shown in 
Fig. 3.1. 
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Figure 3.1 Schematic of aerosol generation and the humidified tandem cavity 
ringdown aerosol extinction system. 
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3.2.1 Description of aerosol generation   
The hygroscopicity of both early Earth and Titan analog aerosols were 
studied. The early Earth analog aerosol was produced by UV photolysis of an early 
Earth atmospheric gas mixture of 0.1% ultra high purity CH4 and 0.1% research grade 
CO2 with an ultra high purity N2 background. This mixture has a C/O ratio of 1 and is 
considered to be a plausible early Earth analog atmosphere, in terms of both the 
absolute concentrations of CH4 and CO2 and C/O ratio (Haqq-Misra et al., 2008; 
Pavlov et al., 2000). The CO2 concentrations, however, are a thousand times larger 
than the new constraints based on banded iron formations (Rosing et al., 2010).   
The Titan analog aerosol was generated by the photolysis of a mixture of 
0.1% ultra high purity CH4 in an ultra high purity N2 background. Past work has 
shown that photolysis of this gas mixture results in aerosols of similar composition to 
photolysis of 2% CH4 in N2, similar to conditions on Titan (Trainer et al., 2006). 
Also, because the Titan analog has an identical mixing ratio of CH4 to our terrestrial 
analog, it can provide an interesting comparison to the early Earth analog. From 
previous studies in our laboratory (Trainer et al., 2006), we know that the early Earth 
analog aerosol generated from the early Earth gas mixture has several oxygenated 
species incorporated into it, which the Titan analog lacks. Using analog gas mixtures 
with identical mixing ratios of CH4 illustrates the impact on hygroscopicity of 
including an oxygenated species in an analog gas mixture. Both analog gas mixtures 
used in this study were chosen for optimal aerosol production with regard to the 
CH4/N2 ratio for the Titan aerosol and the C/O ratio for the early Earth aerosol. These 
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analog gas mixtures, therefore, provide the maximum possible signal for our 
experiments.    
Images of the generated aerosols were obtained through tapping-mode Atomic 
Force Microscopy (AFM) on a hydrophilic silica substrate (SiOx/Si(100)) and are 
shown in Fig. 3.2. The aerosols in both panels range from tens of nanometers in 
diameter to roughly 100 nm. This particle size is consistent with both previous work 
in this laboratory and observations of Titan haze (Tomasko et al., 2005; Tomasko et 
al., 2008). In both images in Fig. 3.2, the analog aerosols appear spherical, which is in 
agreement with previous work that used other techniques to evaluate sphericity of our 
analog aerosols (Trainer et al., 2006).  The spherical shape of the aerosols allows 
them to be treated as spherical Mie scatterers. The complex refractive indices of both 
of these aerosols, which is necessary for analyzing the optical growth results at λ = 
532 nm, were determined previously in Hasenkopf et al. (2010). Our method of 
aerosol generation was described in greater detail by Hasenkopf et al. (2010) and 
Trainer et al. (2006).  
3.2.2 Description of f(RH) experiments 
After exiting the UV formation chamber, the aerosol flow rate was increased 
to a total of 300 standard cubic centimeters per minute (sccm) by adding a dilution 
flow of pre-purified N2. The flow of dry, polydisperse aerosol then entered a 
Differential Mobility Analyzer (TSI Electrostatic Classifier Model 3080, DMA), 
where it was surrounded by a sheath flow of 1500 sccm of dry N2. The DMA was 
used to size select the particles by their electrostatic mobility. The aerosol exiting the  
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Figure 3.2 AFM images of (a) early Earth and (b) Titan analog aerosols. (a) The 
early Earth analog aerosol was generated by UV photolysis of a 0.1% 
CH4 and 0.1% CO2 in N2 analog atmosphere on silica substrate. (b) 
The Titan analog aerosol was generated by UV photolysis of a 0.1% 
CH4 in N2 analog atmosphere and collected on a silica substrate. 
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DMA at a given voltage was dominated by a monodisperse population of single-sized 
particles but also included monodisperse populations of more highly charged particles 
of larger sizes. For our experimental setup, the number of doubly-charged particles 
was small, but significant enough to affect the extinction coefficient measured by the 
CRD-AES. The number of particles at higher charges than +2 is negligible.   
To account for the doubly-charged particles’ effect on extinction, an optical 
effective diameter Deff was employed, as has been done in previous optical growth 
studies (Beaver et al., 2008; Garland et al., 2007). The effective diameter Deff is the 
equivalent diameter of identically sized particles that yield the same extinction 
coefficient bext for the same concentration C (particles cm-3) and have the same 
refractive indices as the polydisperse population. To calculate Deff for a given selected 
particle size, the effective extinction cross-section !!"#!"" (cm2 particle-1) is calculated 
by dividing the measured dry bext of the particles by C. Then, by using !!"#!"", Mie 
theory for spherical particles, and the real and imaginary parts of the refractive index 
of the particle, the corresponding Deff is calculated. The average difference between 
Deff and the diameter selected by the DMA is 6 nm. In the results and implications 
sections, Deff and dry diameter Ddry are used interchangeably.  
After the aerosol particles were size-selected in the DMA, they entered the 
tandem cavity ringdown aerosol extinction spectrometers with humidity control. The 
details of the CRD-AES have been described previously in Baynard et al. (2007), 
Garland (2007), and Beaver et al. (2008) and thus are only briefly described here. The 
body of each CRD-AES cell is a 0.85 m stainless steel tube. Highly reflective 
(Reflectivity > 99.998%) mirrors (Advanced Thin Films) are mounted on both ends 
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of the tube. The second harmonic, λ = 532 nm, from a neodymium-doped yttrium 
aluminum garnet laser (Nd:YAG, Big Sky Laser Technologies, Quantel USA), is 
pulsed into the cavity and reflects back and forth many times on the mirrors. In a cell 
with only the background gas (devoid of particles) and over a characteristic timescale 
τo, the intensity of the light falls to 1/e of its initial intensity. A typical τo for our 
system was 100 µs, which corresponds to an effective pathlength of 30 km. When the 
cell was filled with aerosol, the ringdown time was decreased to a new ringdown 
time, τ. By comparing the two ringdown times, a measure of the extinction coefficient 
bext can be made (Pettersson et al., 2004):  
                                            (3.2) 
where RL is the ratio of the total cavity length (0.85 m) to the cavity length occupied 
by aerosol sample (0.75 m) and c is the speed of light. 
In the CRD-AES, the aerosol particles first travel into a CRD-AES cell, in 
which the extinction coefficient of the dry aerosol (relative humidity, RH ≤ 13%), !!"#!"#, is measured. The particles then flow into a temperature-controlled 
humidification cell, in which they are exposed to a higher relative humidity. The 
humidification cell is a stainless steel tube lined with Nafion tubing (Accurel, 
Permapure), a water vapor permeable membrane. Liquid water is injected into the 
space between the stainless steel and the Nafion tubing. By varying the temperature 
of the liquid water inside of the humidification cell, one can vary the relative 
humidity to which the particles are exposed.  After humidification, the particles flow 
into a second CRD-AES cell where the extinction at an elevated RH, !!"#!"#, is 
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measured. The RH is monitored in both CRD-AES cells with Vaisala Humitter 50Y 
probes (± 3% accuracy). Finally, the particles exit the humidified CRD-AES cell and 
enter a Condensation Particle Counter (TSI Model 3022, CPC), where the particle 
concentration is measured.  
Before each experiment was conducted, it was ensured that there were no 
particle losses between the cells and that the cells responded identically. Particles at a 
chosen diameter were flowed through both cells, where the RH was held constant and 
low (RH < 13%). The cells are considered to have identical response when their 
extinctions match within error of the extinction measurements due to fluctuations in 
particle concentrations, which is generally within 2% of each other. The similarity of 
the extinction between the cells indicates that negligible particle loss has occurred and 
that the cells have a similar response to the particles. 
3.3 Results 
3.3.1 Experimental validation using ammonium sulfate  
To verify the system, we measured the f(RH) of ammonium sulfate particles at 
nine diameters between 150 nm – 500 nm at RH = 80%. The particles were generated 
via atomization of a 10% ammonium sulfate-HPLC water solution. A syringe pump 
(Harvard Apparatus Model 70-2208) injected the solution into an atomizer (TSI 
Model 3076) with pre-purified N2 as the carrier gas. The aqueous particles were then 
flowed through several driers to ensure that dry particles entered the CRD-AES. 
Ammonium sulfate aerosol generation and characterization is described in more detail 
in Hasenkopf et al. (2010).  
 68 
Figure 3.3 shows the results from the test case. Each f(RH) value at a given 
diameter is an average of at least three data points, each data point itself an average of 
extinction measurements sampled every 10.3 s for two minutes. Each f(RH) value 
was calculated from data obtained on at least two different days for 79% < RH < 
81%. The error bars in Fig. 3.3 indicate the uncertainty in RH of ± 3%. Figure 3.3 
also compares the test case values with previous ammonium sulfate f(RH) studies at 
RH = 80% (Beaver et al., 2008; Garland et al., 2007) and theoretical predictions 
calculated from the extended Aerosol Inorganic Model (e-AIM) 
(http://www.aim.env.uea.ac.uk/aim/aim.php; Clegg et al., 1998; Clegg et al., 1992;  
Wexler and Clegg, 2002) and Mie theory. Garland et al. (2007) used a similar 
technique, and Beaver et al. (2008) used the same system as this study but had 
different flow rates. The e-AIM is a thermodynamic model that calculates the gas and 
liquid phase partitioning of water in a system based on ambient temperature, RH, and 
chemical composition. By using the refractive indices of water (n = 1.33 and k = 
0.000) and ammonium sulfate (n = 1.53 and k = 0.000) and assuming volume-
weighted mixing of the refractive indices, the f(RH) for different sized particles can 
be calculated with Mie theory. The Mie code we used is from Grainger et al. (2004) 
and is freely available (http://www.atm.ox.ac.uk/code/mie/index.html). Our test case 
results are in good agreement with previous studies and theoretical predictions for 
ammonium sulfate. 
The geometric growth factor (Gf) of ammonium sulfate at RH = 80% can also 
be compared with other measurements in the literature. The Gf is the ratio of the 
humidified particle’s diameter over the dry particle diameter. To convert the  
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Figure 3.3 f(RH = 80%) of ammonium sulfate for a range of particle diameters 
from different studies (this study = black circles, Beaver et al. (2008) = 
gray triangles, and Garland et al. (2007) = gray squares). The solid 
black line represents the f(RH) predicted for ammonium sulfate using 
the e-AIM model and Mie theory. The error bars represent error based 
on the uncertainty in the measured RH. 
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measured f(RH) values to Gf, Mie theory is applied. The humidified particle’s 
extinction coefficient !!"#!"# ,  can be modeled as:   !!"#!"# = !! !!"#!"# !!"# ,!!"# , !!"# !!"#! !                                 (3.3)                                                                                                                  
where Dwet is the diameter of the wet particle, N is the concentration of particles     
(cm-3), and !!"#!"# is the extinction efficiency of the humidified particle and is a 
function of the volume-weighted refractive indices, nwet and kwet, of the dry particle 
and the water. The volume-weighted real refractive index is:  !!"# =   !!"#!!"#! !!!!!!!!!!!!"#! !!!!!!                                                     (3.4) 
where !!!! is the volume-equivalent diameter of the liquid water portion of the 
humidified aerosol. An analogous expression is used for kwet. The dry size of the 
aerosol Ddry is measured as described in Section 3.2.2, N is also measured, and the 
complex refractive index of ammonium sulfate and water at λ = 532 nm is well 
established (Beaver et al., 2008; Garland et al., 2007).  A range of Dwet in 0.1 nm 
increments are put into Equation 3.3, and the humidified diameter that yields the best 
fit to !!"#!"# ,  is used to calculate the Gf.  
Table 3.1 shows a comparison of Gf values at RH = 80% determined from this 
study with several others. As with the f(RH) measurements shown in Fig. 3.3, the Gf 
calculated from this study is comparable to others that have used systems similar to 
the one used in this work (Beaver et al., 2008; Garland et al., 2007) and also to those 
that have used different techniques (Petters and Kreidenweis, 2007). Calculating Gf 
for 77% < RH < 83% using e-AIM, which corresponds to the error at RH = 80% of  
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Table 3.1: Comparison of Gf and κ of Titan and early Earth analog aerosols, as well 
as other inorganic and organic compounds. The italicized vales were 
calculated from the bolded values in the same row. 
1This work 
2Beaver et al. (2008) – growth factor is calculated from f(RH = 80%) measurements 
3Garland et al. (2007) – growth factor is calculated from f(RH = 80%) measurements 
4Tang (1996)  
5Petters and Kreidenweis (2007) – upper and lower κ-values determined from growth factor and CCN data.  
6e-AIM calculation (http://www.aim.env.uea.ac.uk/aim/aim.php) 
7Brooks et al. (2004) – growth factor is measured from humidified tandem DMA data. 
8Svenningsson et al. (2006) – growth factor is measured by humidified tandem DMA data. 
 
Aerosol Composition Gf                                              
(RH = 80%) 
κ                                                   
(RH = 80% unless noted) 
ammonium sulfate 1.541 
1.532 
1.513 
1.484 
1.33-1.57 
1.44 – 1.54 (77% < RH < 83%)6 
 
0.66 
0.65 
0.61 
0.56  
0.33-0.725 
0.50 - 0.66 
phthalic acid 
 
1.19±0.042 
1.12±0.057 
1.105 
 
0.17±0.05 
0.10±0.05 
0.051-0.059 
 
 
levoglucosan 
 
 
1.184-1.224 
 
0.1658-0.2088 
 
 
 
Suwanee River              
fulvic acid* 
 
1.070-1.082 0.0566-0.0678 
Titan analog 
UV-irradiated 0.1% 
CH4 in N2 gas mixture 
1.08±0.011 0.06±0.01 
   
Early Earth analog 
UV-irradiated 0.1% 
CH4 0.1% CO2 in N2 
gas mixture 
 
1.17±0.061 0.15±0.08 
0.22±0.12 (78% < RH < 87%)1 
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the relative humidity probes, we find that our measured Gf falls within the calculated 
range. 
3.3.2 f(RH) and Gf at RH = 80% for Early Earth and Titan analog aerosols 
Figure 3.4 shows the f(RH = 80%) of early Earth and Titan analog aerosols. 
An RH of 80% was chosen to provide comparison with previous optical growth 
studies of ammonium sulfate and slightly soluble organics (namely, phthalic and 
pyromellitic acids) also performed at RH = 80% (Beaver et al., 2008; Garland et al., 
2007). In addition, within the detection limits of the system, it is difficult to obtain 
enough difference in the dry versus the humidified signal of these aerosols for studies 
conducted much lower than RH = 80%. The size range of the diameters tested was 
dependent upon available signal, which is affected by both aerosol concentration and 
the particle’s optical properties.  Like the ammonium sulfate data, each f(RH) value at 
a given diameter is an average of at least three sets of data points, each data point 
itself an average of extinction measurements sampled every 10.3 s for two minutes. 
As in the ammonium sulfate test case, each f(RH) value was calculated from  
data points obtained on at least two different days for 79% < RH < 81%. The error 
bars indicate the standard deviation among the data points used.  
Both analog aerosols have f(RH) > 1, exhibiting water uptake at RH = 80%. 
The f(RH) of the early Earth analog is similar to phthalic and pyromellitic acids, both 
of which are aromatic dicarboxylic acids. Though the refractive indices of phthalic 
and pyromellitic acids are not reported in the literature, they presumably have very 
similar real and imaginary refractive indices, since they have similar chemical 
structures. The chemical structure and measured Gf at RH = 80% of phthalic acid  
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Figure 3.4 Optical growth f(RH) of early Earth and Titan analogs aerosol of 
various particle diameters at RH = 80% (this work) compared with 
other slightly soluble organics (Beaver et al., 2008). The dotted line at 
f(RH) = 1 indicates no growth due to water uptake on the particles. 
The error bars represent the standard deviation of repeated 
measurements. 
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(assuming n = 1.60 and k = 0.000, as done in Beaver et al. (2008)) is shown in Table 
3.1.  The similarity between phthalic and pyromellitic acids and the early Earth 
analog aerosol in terms of hygroscopicity is qualitatively consistent with previous 
chemical composition studies of the early Earth analog aerosol that identified 
dicarboxylic acids and aromatics in aerosol mass spectra of analog aerosol generated 
in an identical manner to this study (Trainer et al., 2006). 
The f(RH) versus diameter curves in Fig. 3.4 depends upon Gf and !!"#!"#, 
which, as shown in Equation 3.3, is dependent upon Dwet and the refractive indices of 
the wet particle:   ! !" = !!"#!"#!!"#!"# = !!"#!"#!!"#!"# !!!                                            (3.5) 
For a particle of a given composition over the range of relative humidities studied, Gf 
is a strong function of RH and a very weak function of dry particle diameter for 
particles in the size range studied in this work.  The weak dependence of Gf on dry 
particle diameter is due to the negligible importance of the Kelvin effect for particles 
greater than Ddry ~ 70 nm (Gao et al., 2007; Lewis, 2006). The error in Gf due to 
treating it as a constant with particle diameter is approximately 2% for the smallest 
sizes studied (Ddry = 125 nm), which is smaller than experimental uncertainties 
(Lewis, 2006).  
The deviation of f(RH) from a straight horizontal line in Equation 5 is due to 
the !!"#!"#/!!"#!"# term. The particles are comparable in size to the wavelength with 
which they are being investigated (λ = 532 nm), and are therefore in the Mie size 
regime. At the smaller particle diameters investigated (πD/λ < 1), small increases in 
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size due to water uptake and small differences between the complex refractive indices 
of the dry versus the wet particle can result in large changes in the ratio of the wet and 
dry extinction efficiencies. The impact of these small differences in wet and dry sizes 
and refractive indices at smaller particle diameters are evident in the shape of the 
f(RH) curves for the early Earth, phthalic acid, and pyromellitic acid particles. For the 
Titan case, the f(RH) curve is much flatter, indicative of its lower hygroscopicity, 
which translates into smaller differences in the sizes of wet and dry particles. Also, 
the shape of Titan’s f(RH) curve is impacted by its dry refractive index (n = 1.35 and 
k = 0.023), which is closer to that of water’s (n = 1.33, k = 0.000) than the early Earth 
analog (n = 1.81, k = 0.055).  
The Gf at RH = 80% is reported in Table 1 for early Earth and Titan analog 
aerosols. The Gf reported is the average Gf measured at all sizes and the error reported 
is the standard deviation. The conversion from f(RH) to Gf was performed in the same 
manner as Gf calculations for ammonium sulfate in Section 3.1. The Gf at RH = 80% 
for early Earth and Titan are 1.17±0.06 and 1.08±0.01, respectively. From chemical 
considerations, it is not surprising that the early Earth aerosol particles are slightly 
more hygroscopic than the Titan aerosol. Trainer et al. (2006) found that the early 
Earth analog aerosol contains significant amounts of oxygen. It is expected from 
theoretical considerations, laboratory studies (Kotzick and Niessner, 1999), and field 
campaigns (Jimenez et al., 2009) that a more oxidized version of a given organic will 
be more hygroscopic.  
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3.3 Hygroscopicity parameter κ at RH = 80% for Early Earth and Titan analogs  
 
 The geometric growth factors can be used to calculate the hygroscopicity 
parameter κ. This parameter describes a particle’s behavior in both sub- and 
supersaturated conditions based on its chemical composition. The hygroscopicity 
parameter enables investigators to take our measurements, performed in subsaturated 
conditions at one RH or over a range of RHs, and calculate an analog aerosol’s direct 
effect on the radiative balance of the early Earth atmosphere at any RH and also its 
ability to act as CCN. This parameter was first developed by Petters and Kreidenweis 
(2007) and can be used to express what they term as “κ-Kohler theory,” which 
describes the relative humidity (i.e., the saturation ratio S over an aqueous solution 
droplet: 
!!"# !!!/!!!!"!!! = !!!!!"#!!!!!!"#! !!!                                  (3.6)  
where D is the wet droplet diameter, Ddry is the dry diameter of the dry aerosol, σs/a is 
the surface tension of the solution/air interface, Mw is the molecular weight of water, 
R is the universal gas constant, T is the temperature, and ρw is the density of water. As 
Petters and Kreidenweis (2007) described, the use of the hygroscopicity parameter ĸ 
circumvents the need to define aerosol properties such as density, molecular weight, 
or dissociation constants. For reference, pure water has a κ-value of 0, and an 
extremely hygroscopic compound such as sodium chloride has a κ-value of 1.4 
(Petters and Kreidenweis, 2007). For our calculations, we assume σs/a = 0.072 J m-2, 
which is the surface tension of water. Though the actual σs/a for the organic analog 
aerosol-water mixture is unknown, it has been shown that for subsaturated regimes of 
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RH < 95%, hygroscopic growth is “almost insensitive to σs/a” (Wex et al., 2008), 
based on fundamental properties of the Kohler equation. For a given f(RH) 
measurement, the RH is controlled, Ddry is known, D is calculated as described in 
sections 3.3.1 and 3.3.2, and the temperature at which all experiments were conducted 
was 293K. The only unknown in Equation 3.6 is κ, which can then be calculated.  
In Table 3.1, we have listed the calculated κ-values for the early Earth and 
Titan analog aerosols, and compared them to other compounds. Also, Table 3.1 
includes κ calculated for our ammonium sulfate f(RH) measurements, which, like the 
f(RH) and Gf measurements, agree with other experimental studies and theory. For all 
compounds, the italicized values are calculated from the bolded values in the same 
row. For the early Earth analog aerosol, we calculate κ = 0.15 ± 0.08 at RH = 80% 
and for Titan κ = 0.06 ± 0.01 at RH = 80%. As expected from the growth factor 
values reported in Section 3.2, the early Earth κ-value is higher than the Titan value. 
The early Earth analog aerosol has a comparable κ-value to levoglucosan, an oxidized 
organic that is a product of wood combustion. Interestingly, κ ~ 0.1 is a typical range 
of values found for secondary organic aerosol generated in the laboratory that is 
designed to represent aerosol found in the current day atmosphere (Prenni et al., 
2007; Wex et al., 2009). 
3.4 f(RH) and κ of Early Earth aerosols over a range of relative humidities 
Petters and Kreidenweis (2007) showed experimentally that κ derived from 
hygroscopic data obtained in a subsaturated regime for many organic and inorganic 
aerosols are within experimental uncertainties of those derived from κ obtained from 
a supersaturated regime. However, several other studies have found that κ is not 
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constant in present day Earth secondary organic aerosol particles with increasing RH 
in both the subsaturated and supersaturated regimes (Duplissy et al., 2008; Engelhart 
et al., 2008; Hartz et al., 2005; King et al., 2007; Prenni et al., 2007; VanReken et al., 
2005; Wex et al., 2009). We assessed the constancy of κ for our early Earth analog 
aerosol by measuring κ over a range of subsaturated conditions. Assessing the 
constancy of κ allowed us to assess the CCN ability of the early Earth analog aerosol 
in the Archean atmosphere based on our results obtained in subsaturated conditions.   
Figure 3.5 shows the 74 individual f(RH) measurements for various particle 
sizes from RH = 78% – 87%. Each f(RH) value at a given diameter is one data point 
that represents an average of extinction measurements sampled every 10.3 s for two 
minutes. As expected, f(RH) decreases with increasing particle size and increases at a 
given size as RH increases. At each of the 74 points in Figure 3.5, a κ – value can be 
calculated. The average κ for the entire range and all early Earth analog diameters is 
0.22 ± 0.12. 
Figure 3.6 shows a plot of κ versus RH. From Fig. 3.6, there appears to be a 
dependence of κ on RH. The RH dependence of κ is quantitatively assessed by 
calculating the statistical significance of the correlation with Spearman’s rank 
correlation coefficient ρ. A value of ρ = +0.69 is found, which, for 74 data points, 
indicates a very significant correlation (> 99.9% confidence) between κ and RH. 
Again, this dependence and the direction of this dependence – increasing κ with RH 
appears to be common in the literature. A study on three types of secondary organic 
aerosol by Wex et al. (2009) showed an order of magnitude increase in κ from RH = 
80% to RH = 99.6%. Also, the error in the average κ-value for the early Earth analog  
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Figure 3.5 Optical growth f(RH) of early Earth analog aerosols of various particle 
diameters over a range of relative humidities (RH = 78% - 87%). 
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Figure 3.6 ĸ as a function of RH for early Earth analog aerosols. A positive and 
statistically significant (> 99.9% confidence) correlation between ĸ 
and RH is found using a Spearman’s rank correlation coefficient 
analysis. 
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aerosol over the humidified range is larger than the error obtained at RH = 80%. This 
difference can be explained by this dependence of κ on RH. Given the trend in 
increasing κ with RH and similar results in secondary our reported early organic 
aerosols in other studies, our early Earth κ-value likely represents an underestimate of 
the true CCN ability of this early Earth analog aerosol. Additionally, the statistical 
significance of the correlation between particle diameter and RH was tested. The 
correlation between these two variables was found to be statistically insignificant     
(< 95% confidence) with a ρ = -0.10 for 74 data points.  
3.4 Implications 
3.4.1 Direct effect of humidified aerosol 
We estimated the radiative impact of the humidified organic aerosol by using 
the calculated hygroscopicity parameter κ to compare the globally averaged direct 
aerosol radiative forcing of the humidified aerosol ∆Fhum to that of the dry aerosol 
∆Fdry (both in units of W m-2). The globally averaged solar direct radiative forcing ∆F 
of an absorbing aerosol layer is proportional to:  ∆! ∝ − 1 − ! !!!!"# − 2!!!"#                                 (3.7) 
where a is the albedo of the underlying surface, β is the fraction of the radiation 
scattered into the upper hemisphere, and τsca and τabs are the optical depths of the 
aerosol layer due to scattering and absorption, respectively (Chylek and Wong, 1995).  
To calculate the absolute magnitude of ∆F, a prefactor including the solar constant, 
transmittance of the atmosphere above the aerosol layer, and fraction of the sky 
covered by clouds would need to be included (Chylek and Wong, 1995). Because all 
the values in the prefactor are not well constrained and, for the same sky conditions, 
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do not explicitly change for aerosol of different optical properties (corresponding to 
aerosol exposed to different relative humidities), we did not include them in our 
calculations. To compare ∆Fhum and ∆Fdry for two otherwise identical aerosol layers 
of particle concentration C and thickness l, we took the ratio of the two and 
substituted τ = σCl, where σ is the scattering or absorption cross-section of the particle 
(cm2 particle-1), as indicated by subscript:  !∆! = ∆!!!"∆!!"# = !!! !!!!"!!"#!!!"!!!!!"#!!!"!!! !!!"#!!"#!!"#!!!!!"#!!"#                         (3.8)  
For the calculations that follow, a is assumed to be 0.22, the planetary albedo 
estimated for an atmosphere of 10-3 bar CO2 and 0.1% CH4 (Haqq-Misra et al., 2008) . 
The upscattering fraction β is approximated as β = (1 – g/2)/2 (Chylek and Wong, 
1995; Sagan and Pollack, 1967), where g is the asymmetry parameter. For the size 
range of particles considered, β corresponds to the upscattered fraction for an average 
60° solar zenith angle (Wiscombe and Grams, 1976).  The optical cross-sections σsca 
and σabs are functions of RH and therefore of κ, which dictates the humidified 
aerosol’s size and volume-weighted refractive index. The humidified aerosol size (or 
Gf) is determined by inputting our measured κ-value into Equation 3.6. Once Gf is 
calculated, the volume-weighted refractive index of the humidified aerosol can be 
input into a Mie code assuming spherical particles, in which the optical cross-sections 
and g (and therefore β) are determined as a function of RH. 
 Figure 3.7(a) shows the term proportional to ∆F (given in Equation 3.7) over a 
range of particle diameters and relative humidities. This calculation assumes the 
hygroscopicity parameter measured in this work and the optical properties of the dry 
early Earth analog aerosol measured Hasenkopf et al. (2010). For dry (RH = 0%) 
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Figure 3.7 (a) The term proportional to the net forcing of an early Earth aerosol 
layer, ΔF, calculated over a range of diameters and for dry and 
humidified particles, assuming the optical properties of early Earth 
analog aerosol measured in Hasenkopf et al. (2010). The sign of ΔF 
indicates heating (positive) or cooling (negative). (b) The ratio of the 
humidified forcing to the dry forcing: RΔF = ΔFhum/ΔFdry calculated 
over a range of relative humidities at various particle diameters. 
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particles in the size range of 115 nm > D > 665 nm, a net cooling effect is induced by 
the aerosol. Increasing the RH of the particles in this size range further increases their 
cooling effect. Because of the significant imaginary refractive index of the early Earth 
analog aerosols, at dry diameters larger than 665 nm, a net warming effect is induced 
by the aerosol. This heating effect is mitigated as particles are exposed to higher 
relative humidities. 
Figure 3.7(b) shows the ratio, R∆F, of the ∆F term of humidified haze aerosol 
to the ∆F term of dry haze aerosol as a function of RH for particles of diameters 200 
– 500 nm. Even at an RH as low as 50%, substantial cooling induced by the 
humidified aerosol is observed relative to the dry. This increased cooling effect is 
increased at higher relative humidities. In the particle diameter range of 200 – 500 
nm, cooling can be increased by a factor of 1.5 to 3.5 at RH = 90%. 
 A similar calculation for fractal aggregates would be very interesting yet 
much more complicated because the amount of exposed surface area would be 
dependent upon the contact angle between connecting monomers. Also, it is unclear 
at what RH collapse into a spherical droplet would occur; however, this would be 
interesting to determine because fractal aggregate collapse into a sphere at a given 
RH might have significant consequences for the effectiveness of a fractal aggregate 
UV shield. Regardless, it is clear that the degree of hygroscopicity exhibited by the 
early Earth analog aerosols indicates that the humidified aerosol, spherical, or fractal 
could have a significant cooling or decreased heating effect, depending on the size of 
the aerosol and the specific RH.  
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3.4.2 Clouds on early Earth  
 
Photochemical models of haze formation indicate that aerosol present at 
cloud-relevant altitudes (20 km and below) would be large in size (D ~ 1 µm) and 
sparse in concentration (0.1 – 10 particles cm-3. The number concentration is 
inversely proportional to the particle radius cubed for a fixed mass so that with a mass 
production rate similar to today’s sulfate aerosols, as found in models, the 
concentrations of 1 µm aerosols is likely to be about 100 times less that current 0.2 
µm sulfate CCN) (Pavlov et al., 2001a; Wolf and Toon, 2010). It is uncertain whether 
these large aerosol particles would be spherical or fractal aggregates composed of 
spherical monomers. Observations on Titan indicate that its organic aerosol particles 
are fractal aggregates composed of possibly several hundred to several thousand 
spherical monomer units, each unit roughly 100 nm in diameter (Bellucci et al., 2009; 
Tomasko et al., 2005; Tomasko et al., 2008). However, as aerosol particles descend 
lower in Titan’s atmosphere, there is some evidence that the morphology or 
composition, or both, change possibly due to CH4 condensing on the aerosol particles 
(Tomasko et al., 2008). On current day Earth, collapsing and consequent compaction 
of soot particles in laboratory simulations to a more spherical shape due to ambient 
water relative humidity has been observed (Zhang et al., 2008). It is unclear what 
shape the early Earth organic haze aerosols would have been when exposed to a given 
RH. In the following calculations of CCN ability of the early Earth analog aerosol, we 
treat the analog aerosols as perfect spheres with 1 µm diameters. Because of the many 
assumptions the calculations would otherwise require, we neglect any fractal shape. 
This may underestimate the CCN ability of the aerosol, since theoretical studies have 
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shown that a pair of joined spherical particles will activate at supersaturations much 
lower than the particles would separately due to the negative curvature of the space at 
which they are joined and subsequent enhanced capillary action (Crouzet and 
Marlow, 1995). 
The critical supersaturation, sc, defined as the relative humidity above 100% 
for a given dry aerosol diameter at which an aerosol will grow rapidly and be 
activated into a cloud droplet, can be calculated by finding the maximum of S in 
Equation 3.6 for a given κ-value and dry diameter. Figure 3.8 shows a plot of sc 
versus dry diameter for a range of constant κ-values, including the early Earth and 
Titan analog aerosols from this study and other reference materials. According to Fig. 
3.8, a 1 µm early Earth analog particle would activate into a cloud droplet well below 
even a modest supersaturation of 0.1% (equivalently, RH = 100.1%). In fact, even a 
relatively small early Earth analog aerosol 200 nm in diameter would activate at such 
a low supersaturation. For comparison, the CCN concentration subset of a population 
of aerosols is typically defined as what fraction of aerosol are CCN active at sc = 1% 
(Seinfeld and Pandis, 1998). Figure 3.8 shows that the early Earth analog aerosol 
would be CCN active at reasonable – and, in fact, low – supersaturations.  Because 
these early Earth analog aerosols are good CCN and are predicted in models to have 
been present in low concentrations on Archean Earth, they would grow rapidly due to 
lack of competition for water vapor, fall out as precipitation, and therefore have a 
short lifetime anywhere critical supersaturation is reached. This “rain without clouds” 
scenario is similar to one on Titan, which was first suggested by Toon et al. (1988) 
and reported in observations on Titan (Tokano et al., 2006). On Titan, the optically  
 87 
 
 
 
Figure 3.8 Critical supersaturation sc as a function of dry diameter for the early 
Earth and Titan analog aerosols and other organic and inorganic 
materials. The top axis shows the corresponding scale for the 
hygroscopicity parameter κ. The values of κ for the early Earth and 
Titan analog aerosols are inferred from f(RH) measurements in a 
subsaturated regime. 
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thin clouds are thought to perhaps provide a constant source of liquid methane drizzle 
to the surface, which has a significant effect on the surface geology (Tokano et al., 
2006). The degree to which such a constant drizzle would have been present on the 
early Earth is unclear and would need to be resolved with modeling. 
If there were indeed a dearth of other types of aerosols on most regions of the 
early Earth the organic haze may have been a main source of CCN. The degree to 
which the clouds formed from organic haze aerosol would have been optically thin 
can be estimated by a simple analytical expression from Schwarz and Slingo (1996), 
which assumes the two-stream approximation and relates the albedo Ac of a non-
absorbing, horizontally homogenous cloud optical depth τc: !! = !! !!!!!!!! !!!!                                                   (3.9) 
Where gc is the asymmetry parameter of the cloud droplets and is approximately 0.85 
for particles with radii much smaller than the incident light, a reasonable assumption 
for cloud droplets. The optical depth τc can, in turn, be estimated by an expression 
from Schwartz and Slingo (1996) that is a function of cloud droplet concentration Nc: !!   ≈ 2!" !!!! ! !!!! !                                         (3.10) 
Where z is the physical cloud thickness and L is the liquid water volume fraction. By 
combining Equations 3.9 and 3.10, the albedo of clouds can be calculated with 
different droplet concentrations but identical cloud thicknesses and liquid water 
volume fractions.  First using Equation 3.10 and assuming a typical liquid water 
volume fraction of a cloud, 0.3 cm3 m-3, we calculate that a cloud with 10 droplets per 
cubic centimeter perhaps typical of an Archean cloud, has only a third of the optical 
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depth of a cloud with 500 droplets cm-3, more typical of a current day cloud. By 
extending this calculation to cloud albedo using Equation 3.9, the albedo of the early 
Earth cloud is 33-80% of that of a current day cloud over a range of cloud 
thicknesses, 50 – 1500 m.  The much lower albedo of these Archean clouds could 
substantially warm the planet. However, this calculation relies on the Wolf and Toon 
(2010) and Pavlov et al. (2001a) aerosol models for particle concentrations. Both 
models must make assumptions about wet deposition of aerosols whose hygroscopic 
properties have not been previously measured.  Wolf and Toon (2010) used 
predictions of cloud formation and rainfall from the model to simulate removal.  
However, these predictions are based on current Earth clouds, which may differ from 
those on the ancient Earth.  For a given temperature and ocean coverage, the rainfall 
rate must be about the same as on present Earth because the evaporation rate only 
depends on temperature and water availability.  However, the rainfall does not need 
to be distributed in the same way spatially. Pavlov et al. (2001a) prescribed a lifetime 
of 5 days to organic haze aerosol, which is the same as that of highly soluble gases 
and previously assigned to sulfur haze aerosols (Kasting et al., 1989). Such a short 
lifetime may result in an overestimate of the solubility of an organic haze, 
underestimate atmospheric particle concentrations, and reduce the warming effect due 
to optically thin clouds. To resolve how the CCN ability of these aerosols affect 
climate, the hygroscopicity of early Earth analog aerosol would need to be included in 
early Earth climate models. 
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3.5 Conclusion 
We measured the hygroscopicity parameter κ = 0.22 ± 0.12 for early Earth 
analog aerosol, which enables one to calculate the direct radiative effects at any RH 
and their indirect radiative effects based on their CCN ability. Figure 3.9 shows a 
schematic that summarizes the implications for the early Earth climate from this 
work. The degree of hygroscopicity indicates that the humidified aerosol, compared 
to the same aerosol that is dry, would likely have a significant cooling or decreased 
heating effect, depending on the size of the aerosol and the specific RH. For instance, 
at an RH of 85%, the optical growth of the early Earth analog is 2, which means the 
optical depth of the aerosol layer is doubled. Thus, the growth of particles due to 
humidification substantially increases the antigreenhouse effect of the haze that is 
located in regions with humidities greater than about 50%.  
Because of the biogenic nature of the haze, Domagal-Goldman et al. (2008) 
and Haqq-Misra et al. (2008) suggested that, regardless of the optical properties of the 
haze, the degree of cooling it caused on early Earth would have been regulated by a 
corresponding decrease in CH4 production, which in turn would have reduced haze 
and restored surface temperatures. However, this negative feedback cycle could have 
been at least partially offset by a positive feedback cycle involving a UV shield that 
may have been provided by the haze. If CH4 production was reduced because the 
antigreenhouse effect of haze was too large, then a thinner haze would have resulted. 
The thinner haze, while inducing warming, could also have potentially destroyed the 
organisms’ UV shield. The optical properties of the aerosol – both dry and humidified 
– would have dictated the balance between these two feedback cycles on early Earth. 
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Figure 3.9 Summary of the implications of a humidified early Earth haze exposed 
to humidification and supersaturation for early Earth climate based on 
the hygroscopicity of the early Earth analog aerosol. The hygroscopic 
nature of the early Earth analog aerosol from this study indicates that 
the humidified aerosol, compared to the same aerosol but dry, would 
likely have a significant cooling or decreased heating effect, depending 
on the size of the aerosol and the specific RH. For instance, at an RH 
of 85%, the f(RH) of the early Earth analog is 2, doubling the optical 
depth (OD) of an aerosol layer. Assuming a typical liquid water 
volume fraction of a cloud and using Equation 3.10, a typical Archean 
cloud would have only a third of the OD of a cloud with more current 
day cloud droplet concentration. Extending this calculation to cloud 
albedo using Equation 3.9, we find that, over a range of cloud 
thicknesses, 50 – 1500 m, the albedo of the early Earth cloud is 33-
80% of that of a current day cloud. By including the hygroscopic 
nature of the aerosol and therefore higher rainout rate in aerosol 
models, the albedo could be even more substantially reduced. The 
much lower albedo of a typical Archean cloud could substantially 
warm the planet. 
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In contrast, warming relative to current day clouds is expected due to the 
indirect effect of the organic haze. The value of the hygroscopicity parameter κ 
measured indicates that the early Earth aerosol could have activated into cloud 
droplets at reasonable – in fact, low – supersaturations. Photochemical models of the 
haze predict very low concentrations, compared to current day Earth standards, of 
micron-sized organic aerosol located 20 km and lower in altitude. If these aerosol 
particles were the only particles present, they could activate and grow unimpeded by 
water vapor competition of other aerosols, further lowering the particle 
concentrations than current Archean aerosol models predict. The lifetime of the 
droplets in these optically thin clouds would be short. If globally present on early 
Earth, these optically thin clouds would lower the planetary albedo in comparison to 
today’s value and therefore warm the planet.  This “rain without clouds” scenario 
would mean a hydrological cycle very different from the present one. 
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________________ 
Chapter IV 
UV-Vis optical properties of Titan and early Earth analog haze 
________________ 
4.1 Introduction 
4.1.1 Titan and the Early Earth 
Observations made by the Cassini/Huygens mission have dramatically 
changed our view of Titan, the largest moon of Saturn. In addition to revealing 
several surface features, such as methane/ethane lakes, organic-water ice sand dunes, 
and mountains – possibly cryovolcanic, the mission has also uncovered much about 
the organic haze that has shrouded the planet from our view for so long.  
The organic haze, formed from the ultraviolet (UV) photolysis and electron 
initiated dissociation of methane (CH4), nitrogen (N2), and other trace species 
(Cabane and Chassefiere, 1995), is present throughout the atmosphere. The main haze 
deck is located below 300 km (Rages et al., 1983; Porco et al., 2005), while several 
higher detached layers exist, including a well defined one at 520 km (Lavvas et al., 
2009). It is unclear which energy source, UV photolysis or electrons from Saturn’s 
magnetosphere, dominates the bulk of the haze formation. In terms of energy, more 
far-UV (λ = 122 nm – 200 nm) reaches Titan than energy from extreme-UV (λ = 10 
nm – 121 nm) and electrons from Titan’s magnetosphere combined (Sagan et al., 
1992). However, evidence of ion-molecule interactions (Vuitton et al., 2006; Vuitton 
et al, 2007; Waite et al., 2007) as well as the presence and fast sedimentation rate of 
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fractal particles in the detached haze layer in the thermosphere (Lavvas et al., 2009) 
have indicated the possible importance of ion chemistry at all haze levels. 
Titan is of astrobiological interest because it may serve as a frozen, current 
day analog to the early Earth atmosphere. In order to counteract the faint young Sun, 
it has been proposed and investigated by several workers that the early Earth had 
higher concentrations of the greenhouse gases carbon dioxide (CO2) and methane 
(CH4) in a nitrogen (N2) atmosphere. Because of the presence of CH4, several works 
have speculated about the possibility of an organic haze forming (Kasting et al., 1983; 
Sagan and Chyba, 1997; Zahnle, 1986). Laboratory work has shown that an organic 
haze indeed forms from CH4-CO2 in N2 gas mixtures exposed to UV light (Trainer et 
al. 2004; Trainer et al., 2006). Carbon dioxide has a comparable absorption cross-
section to that of CH4 in the UV range, suggesting it could alter the rate of haze 
production and haze chemical composition from that observed on Titan. A recent 
model of the early Earth atmosphere predicts an organic haze will form with a 
significant optical depth in atmospheres with CH4/CO2 as low as 0.1 (Domagal-
Goldman et al., 2008). Laboratory work corroborates these results. For example, 
Dewitt, et al. (2009) report measureable aerosol generation from atmospheres with 
CH4/CO2 ≥ 0.1. Trainer et al. (2006) found key chemical differences between early 
Earth and Titan aerosol analogs. These chemical differences imply that the two 
aerosols have different optical properties.  
The radiative effects of the haze have been estimated in early Earth climate 
models that use optical constants of a Titan aerosol analog from Khare et al. (1984). 
The models have found the haze would induce an antigreenhouse effect, cooling the 
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surface temperatures of the early Earth. The degree of the cooling for a given amount 
of haze is dependent upon the shape prescribed. Haqq-Misra (2008) found that 
spherical haze particles offset any warming provided by increases levels of CO2 and 
CH4. However, Wolf and Toon (2010) found that the optical depth of a haze layer 
could be significantly decreased in the visible while increased in the UV, providing a 
UV shield for life on the surface and photolytically unstable greenhouse gases, by 
using a fractal particle shape composed of spherical monomer units. 
Figure 4.1 shows the possible feedback cycles of organic haze on Archean 
Earth. The blue lines indicate the negative feedback cycle, as proposed by Haqq-
Misra (2008) and Domagal-Goldman et al. (2008). This cycle shows that as CH4 
production from methanogens increases, haze production will increase. In turn, 
surface temperature will decrease due to the antigreenhouse effect of the haze. The 
temperature would drop until the point at which methanogens would be adversely 
affected, and CH4 production would drop, decreasing the haze. With less haze, 
surface temperature could rise again to temperatures that suit methanogens, and CH4 
production would again increase, completing the cycle.  
The cycle in red in Fig. 4.1 is a positive feedback we propose that may 
compete with the negative feedback cycle. As haze decreases after CH4 production 
decreases, it would not only lessen the antigreenhouse effect of the haze, but it would 
also decrease its ability to act as a UV shield, potentially negatively affecting surface 
life and destroying photolytically unstable greenhouse gases such as ammonia.  The 
absence of the shield could inhibit methanogens from producing CH4, decreasing 
haze even more and the cycle would repeat and intensity itself. To assess the 
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Figure 4.1 Possible feedback cycles of organic haze on Archean Earth. 
The blue lines indicate the negative feedback cycle, as 
proposed by Haqq-Misra (2008) and Domagal-Goldman et al. 
(2008). This cycle shows that CH4 production from 
methanogens increases, haze production will increase. In turn, 
surface temperature will decrease due to its antigreenhouse 
effect. The temperature would drop until the point at which 
methanogens would be adversely affected, and CH4 production 
would drop, decreasing the haze. With less haze, surface 
temperature could rise again to temperatures that suit 
methanogens, and CH4 production would again increase, 
completing the cycle. In red is a positive feedback cycle we 
propose that may compete with the negative feedback cycle. As 
haze decreases after CH4 production goes down, it would not 
only lessen the antigreenhouse effect of the haze, but it would 
also decrease its ability to act as a UV shield, potentially 
negatively affecting surface life.  The absence of the shield 
could inhibit methanogens from producing CH4, decreasing 
haze even more and the cycle would repeat, intensifying itself. 
In order to assess the influence of each cycle, the optical 
properties in the UV and visible of the early Earth haze must be 
known.   
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influence of each cycle, the optical properties in the UV and visible of the early Earth 
haze must be known.   
4.1.2 Previous studies of laboratory aerosol analogs of Titan haze 
Several other workers have measured optical properties of Titan analogs, and 
the methods they have used to obtain their values will be discussed briefly. The haze 
optical constants most often used to compare with Titan observations and plug into 
climate models of both Titan and early Earth are from Khare et al. (1984). This 
landmark work measured the real (n) and imaginary (k) refractive index values from 
soft x-rays to microwave wavelengths. Their Titan haze analog was made by 
exposing a 10% CH4 in N2 gas mixture to a spark discharge energy source at a 
pressure of 2 mb (1.5 Torr). For the UV-Vis spectral region, Khare et al. (1984) 
collected the aerosol analog as thin films on quartz, CaF2, LiF, or glass slides. Khare 
et al. (1984) took transmission spectra and measured film thicknesses of their aerosol-
substrate system. They then modeled the system as a thin film on a substrate. The 
transmission in such a system depends on the total refractive index values of the 
aerosol and substrate, the thickness of both the substrate and thin layer, and the 
incident wavelength of light. 
Transmission spectra through the thin film-substrate system were measured 
with a monochromator for λ = 150 nm – 500 nm and with a spectrophotometer for λ = 
400 nm – 2500 nm.  In the λ = 150 nm – 500 nm region, the thickness of the film was 
measured by manually scoring the point at which the transmittance was measured. 
Then the film thickness determined at the scratch with light-section or interferometric 
microscopes, to within 200 nm or approximately 20 nm, respectively. In the λ =      
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400 nm – 2500 nm region, after the transmission was measured, the thin film-
substrate was manually scratched down the middle, and the film thickness along the 
scratch was measured (using an unspecified technique, but likely using the light-
section or interferometric microscopes). The aerosol analog films generated by Khare 
et al., (1984) reported that their films to varied widely in thickness over the surface of 
the substrate.   
There are several issues with the above method for measuring thin film 
thicknesses. First, the film thicknesses were obtained separately from the UV-Vis 
spectra measurements. Khare et al. (1984) do not report the technical details of their 
UV-Vis spectrometer, however, a typical UV-Vis spectrometer has a beam size of 
approximately 25 µm × 1000 µm, an area that is difficult to accurately resolve by 
visual inspection or to manually mark. Additionally, manually scoring a film that is 
on the order of a hundred nanometers or, at most, microns thick can be catastrophic. 
Lastly, from the center of a film to the outer edges, the film thickness was found to 
vary by a factor 20.  
Despite these issues, the resultant optical properties obtained by Khare et al. 
(1984) do agree qualitatively with observations from Titan. The λ-4 spectral 
dependence of k found from observations of Titan (Toon et al. 1992, Rages and 
Pollack, 1980, Rannou et al., 2010; Lavvas et al., 2010) is also found in the Khare et 
al. (1984) values over the same wavelength range. However, to make the k values 
derived from observations of Titan’s geometric albedo and the values obtained by the 
laboratory analogs match, the Khare et al. (1984) values have to be scaled by a factor 
(McKay et al., 1989; Toon et al., 1992). Other studies that have measured optical 
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properties of Titan haze analogs have used a variety of gas mixtures, energy sources, 
experimental conditions, and methods. A summary of studies on the optical properties 
of Titan analogs is shown in Table 4.1. 
In the present study, we generated Titan and early Earth aerosol analogs by 
exposing atmospheric analogs to a continuum UV source. We collected the aerosol 
analogs on a substrate, forming a thin film. We measured the UV-Vis (λ = 275 nm – 
750 nm) transmission of the films, and, by using previous results from Hasenkopf et 
al. (2010), calculated the imaginary refractive index value k across the UV-Vis for 
both analogs. This method allowed us to calculate k without performing a separate 
measurement of thin film thickness, as done in Khare et al. (1984). We report the first 
measurements of Titan haze analog optical properties across the UV-Vis that have 
been generated from a continuum UV light source as well as the first optical 
properties of an early Earth analog aerosol of any kind over such a broad wavelength 
range.  
4.2 Experimental Methods 
 Imaginary refractive index values, k, were measured for early Earth and Titan 
aerosol analogs over the wavelength range of λ = 275 nm – 750 nm. The 
measurements were made by combining cavity ringdown aerosol extinction 
spectroscopy (CRD-AES) with ultraviolet-visible spectroscopy (UV-Vis). Briefly, 
UV-Vis transmission spectra are obtained from thin films of aerosol analogs, 
deposited on a substrate. The transmission through the thin film and substrate was 
modeled as functions of the thickness of the film and substrate, the refractive indices  
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Table 4.1  Comparison of experimental conditions, methods used to measure k, UV-
Vis (defined here as λ = 200 nm – 900 nm) spectral range and resolution at 
which k values were obtained of this work with other Titan analog studies.   
 
of 
the 
aer
oso
l 
ana
log 
and 
the 
sub
stra
te, 
and 
the 
inci
den
t 
wa
vel
ength of  
 
Study UV-Vis range 
(nm) and 
resolution  
Gas Mixture 
(all in N2) 
Energy Source P 
(Torr) 
T 
(K) 
This study,  
Titan 
275 – 750, 
increments of 
0.35 
0.1% CH4 Continuum UV: 
 λ = 115 – 400 
nm 
630  297 
 
This study,   
early Earth 
 
275 – 750, 
increments of 
0.35 
 
0.1% CH4 and 
0.1% CO2 
 
Continuum UV  
λ = 115 – 400 nm 
 
630  
 
297 
 
Khare et al. 
(1984) 
 
 
234.8 – 873.1, 
11 points 
 
 
10% CH4 
 
electrical 
discharge 
 
0.15 
 
297 
 
Ramirez et al. 
(2002) 
 
 
199.5 – 898, 
increments of 5  
 
2% CH4 
 
DC cold plasma 
discharge 
 
1.5 
 
298 
 
Tran et al. 
(2003) 
(Analog D) 
 
200 – 900, 
increments of 
0.5 
 
0.03% C2H4  
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light. Previously measured total refractive index values (n + ik) at λ = 532 nm from 
Hasenkopf et al. 2010 using CRD-AES spectroscopy are used to “pin” the thickness 
of the aerosol thin film, which then allows one to calculate the k values over the rest 
of the range. The methodology is described in more detail below. 
4.2.1 Film generation and UV-Vis spectra collection 
 A schematic of the film collection system is shown in Figure 4.2. Two 
aerosols analogs were generated, one as an early Earth analog and one as an analog of 
aerosol found in Titan’s atmosphere. The early Earth aerosol analog was produced by 
UV photolysis of an early Earth atmospheric gas mixture of 0.1% ultra high purity 
CH4 and 0.1% research grade CO2 with an ultra high purity N2 background. The Titan 
analog aerosol was generated by the photolysis of a mixture of 0.1% ultra high purity 
CH4 in an ultra high purity N2 background. The optical and hygroscopic properties of 
both analogs have been studied previously in Hasenkopf et al. (2010) and Hasenkopf 
et al. (in press, Astrobiology). 
All experiments were performed at room temperature and at a pressure of 630 
Torr. The gases that represent the atmospheric analog of interest were introduced into 
a stainless steel mixing chamber and were allowed to diffusively mix overnight. The 
analog atmosphere was then flowed at 60 standard cubic centimeters per minute 
(sccm) into a reaction cell via a Mykrolis FC-2900 Mass Flow Controller. As the 
analog atmosphere flowed through the reaction chamber, it was exposed to radiation 
from a water-cooled deuterium continuum UV lamp with MgF2 windows 
(Hamamatsu Model L1835). The lamp emitted photons from λ = 115 nm to 400 nm,  
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Figure 4.2 Experimental setup 
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peaking at λ = 160 nm and therefore simulated vacuum ultraviolet solar radiation, 
including the Lyman-α line. The irradiation from the lamp initiated aerosol 
production. Our method of aerosol generation is described in greater detail in 
Hasenkopf et al. (2010) and Trainer et al. (2006).   
Once the aerosol particles were generated, they flowed into a collection 
chamber (Pall Corporation, 47 mm in-line filter holder), which contained a 3 mm-
thick quartz disc. Particles were impacted onto the top of the disc, and remaining 
aerosol particles in the flow exited from the bottom of the chamber, pulled by 
mechanical pump. Aerosol samples were collected in this manner for 5 – 9 hours, 
depending on the sample. Once the collection was complete, UV-Vis spectra of the 
quartz disc with sample deposited on it were immediately taken. The spectra were 
taken with an Ocean Optics USB 2000 Spectrometer. Before each aerosol sample was 
tested, a reference transmission spectrum of a clean, blank quartz disc was taken. The 
disc and sample were placed in the sampling chamber at a 90° angle to the incident 
UV-Vis beam. Each final spectrum was a product of the average of ten 450 ms scans. 
Several spectra were collected at different sites on each sample in order to probe areas 
with varying amounts of aerosol particles deposited on the substrate. Several samples, 
generated on different days, were measured to ensure repeatability of results.  
To address issues of oxygen contamination, the transmission spectrum of a 
representative aerosol analog sample was taken after different times of exposure to 
laboratory air.  Figure 4.3 shows the normalized absorbances of a sample generated 
from a 10% CH4 in N2 gas mixture and collected for three hours, exposed to 
laboratory air for 0 hours, 18.5 hours, and 93 hours. Figure 4.3 shows that the post- 
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Figure 4.3 Comparison of normalized absorbance spectra of fresh and 
aged analog aerosol (10% CH4 in N2, generated with electric 
discharge source). Data collected by C. Long. 
 
 
 
 
 
 
 
 
 
 
 105 
collection material is not altered by laboratory air for up to 4 days exposure. This 
result gives us confidence that the small amount of time (on the order of minutes) that 
our samples are exposed to air before UV-Vis transmission spectra are taken does not 
affect our measurements. 
4.3 Determination of k values 
In order to determine the imaginary refractive index values k of the aerosol 
analogs, we model the transmission through the analog-substrate system as that of an 
as a thin film on a substrate. The thin film model treats the aerosol-substrate system 
as a thin, uniform layer of the aerosol material distributed on the quartz substrate. 
Figure 4.4 shows the simplified geometry of our system. Incident light (shown 
as a slanted angle in Fig. 4.4 is, in reality, is incident on the analog-substrate system 
at a 90° angle) hits the aerosol layer first where multiple reflections occur. Remaining 
light is transmitted through the substrate (where multiple reflections also occur but 
are not depicted in Fig. 4.4 for simplicity). 
The equations that describe transmission through a thin film on a substrate are 
well-established in the literature (Heavens, 1955; Toon et al., 1994). The transmission 
through the aerosol-substrate system Tsys is described as:  !!"! = !! !!!! !!!!!!!!!!!                                        (4.1) 
where Tf is the transmission through the film layer, Rs is the reflection off of the 
substrate interface, Rb is the back reflection off of the film interface, and Ts is the 
transmission of light after it has entered the substrate and just before it has exited the 
substrate. The UV-Vis transmission values measured are relative to the transmission 
of the substrate alone. The transmission through the substrate alone, Tsub, is described  
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Figure 4.4 Conceptual schematic of thin film transmission model. Incident 
arrows are shown at an oblique angle for clarity. However, 
light was incident at a 90° angle onto the aerosol-substrate 
system. The pink layer represents the aerosol film, while the 
blue layer represents the substrate. At each interface, multiple 
reflections occur in both the aerosol and the substrate layers 
(although the schematic only shows them in the aerosol layer). 
The UV-Vis transmission measurement is the ratio of the 
transmission through the system, Tsystem, to that through the 
substrate alone, Tsub. 
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as:  
 !!"# = !! !!!! !!!!!!!!!                                                         (4.2) 
The difference between Ts and Tsub is that Ts only accounts for the transmission of 
light immediately after the incident light has entered the substrate up until 
immediately before the light exits the substrate, while Tsub accounts for reflections on 
the entering and exiting interface. The quantities described in Equations 4.1 and 4.2 
are identified in Fig. 4.4, as well. Each of the terms appearing in Equations 4.1 and 
4.2 can be broken down into terms that are ultimately functions of the complex 
refractive index of the film (mf  = nf + ikf), substrate (msub = nsub + iksub), and air (mair = 
nair + ikair) at a given wavelength λ , film thickness (df) and substrate thickness (dsub): !! = !! !!!! !!!!!!!!!!!!!                                                       (4.3) 
where,   !! = !! + !!! !!!! !!!!!!!!!!!!                                           (4.4)  
and       !! = !"# − !!!!!!! ,!! = !"# − !!!!"#!!"#!                (4.5) !! = !!"#!!!!!"#!!! ,!! = !!!!!"#!!!!!"# ,!! = !!"#!!!"#!!"#!!!"# !             (4.6) 
In our model, it is assumed that the complex refractive index of air over the 
portion of the UV-Vis spectrum (i.e. λ = 275 nm to 750 nm) examined in this study is 
mair = 1.00 +i0.00. In other words, it is assumed that the air has the optical properties 
of a vacuum over this range. It is estimated that the total effects of scattering by air 
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and absorption by oxygen cause, at most, a 10-6 loss in transmission over the spectral 
range studied. The real refractive index values used for the quartz substrate are from 
Khashan and Nassif (2001). The imaginary refractive index k of quartz is assumed to 
be zero over the range of wavelengths used in this study. This assumption can be 
tested by comparing the transmission of our quartz substrate (relative to air) to the 
transmission calculated using the expression for Ts in Equation 4.5 and using the real 
refractive index values from Khashan and Nassif (2001). Figure 4.5 shows that the 
differences between the measured and calculated transmissions are small (on average, 
4% difference between calculated and measured, relative to the calculated 
transmission), and the measured spectrum is actually slightly more transparent than 
the one calculated from the quartz real refractive index data. In a similar study, Toon 
et al. (1994) also noticed a difference of a few percent between their measured 
substrate and the one calculated. As Toon et al. (1994) note, the spectrum of the 
substrate is divided out in both the actual measurement and the model and therefore it 
is not crucial for determining k of the thin film. 
Figure 4.6 shows a test transmission through a thin film as a function of 
imaginary refractive index, k. The different colors indicate different real refractive 
index of refraction n. The model behaves as expected, showing a decrease in 
transmission as a function of increasing k or n. Also, at n = 1.00 and k = 0.00, the 
transmission through the film equals unity, as expected.   
The imaginary refractive index k is obtained from UV-Vis transmission 
spectra of aerosol collected on a quartz plate by “pinning” the film’s effective 
thickness (which we will use interchangeably with the film thickness df) by using the  
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Figure 4.5 A comparison of the measured transmission of the quartz 
substrate (relative to air) and a calculated transmission 
spectrum based on the real refractive index of quartz from 
Khashan and Nassif (2001). 
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Figure 4.7 Test transmission through a thin film as a function of 
imaginary refractive index, k. The different colors indicate 
different real refractive index of refraction n. The model 
behaves as expected, showing a decrease in transmission as a 
function of increasing k or n. Also, at n = 1.00 and k = 0.00, the 
transmission through the film equals unity, as expected.   
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complex refractive index values previously measured at λ = 532 nm with the CRD-
AES in Hasenkopf et al., 2010. The reason this thickness is considered an “effective” 
thickness is that it is unlikely that the aerosol layer is the idealized film we are 
depicting it to be. Yet by using our complex refractive index values measured with 
the CRD-AES, we are able to make a measurement of df at the exact same location as 
where the UV-Vis transmission was taken. As mentioned in §4.1.2, the ability to 
measure df and the UV-Vis spectrum of our sample simultaneously is a significant 
improvement over previous methods. Transmission spectra calculated with varying 
film thicknesses in 0.1 nm increments are fit to the measured spectra, and in this 
manner df is determined.   
Once obtained, df is inserted into a program that calculates a UV-Vis 
transmission spectra for varied k and a real refractive index value n fixed to the λ = 
532 nm value over the entire UV-Vis range studied. The k value for a given 
wavelength is defined as the one that produces the best fitting transmission value to 
the measured transmission at the same wavelength. 
4.4 Test Cases  
Two test cases were used to evaluate the ability of the thin film transmission 
model to accurately describe our aerosol sample on the quartz substrate. The first test 
case was polystyrene latex spheres (PSLs, Duke Scientific). PSLs are weakly 
absorbing, with k < 0.001 reported in the mid-visible (Ma et al., 2003). The other test 
case was water soluble nigrosin dye (Aldrich, CAS 8005-03-6), which is an absorbing 
compound in the mid-visible and has been used by our group and others to 
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characterize optical systems (e.g. Hasenkopf et al., 2010, Baynard et al., 2007; Riziq 
et al., 2007; Pinnick et al., 1973, Pinnick et al., 1979).                                          
4.4.1 PSLs 
The UV-Vis transmission spectra of PSLs of a single diameter (40±1.8 nm, 
80±2.7 nm, 125±5.4 nm, or 350±4.7 nm) on a quartz substrate are analyzed. PSLs 
come in aqueous solutions, and few droplets of PSLs in solution were placed on a 
quartz disc. The quartz disc was then placed in an oven (Quincy Lab) at 75°C to 
gently evaporate the water, leaving behind a layer of PSLs deposited on the substrate. 
This temperature is well below the Vicat softening point (90°C), the glass transition 
temperature (95°C), and the melting point 240°C of polystyrene (Elias, 2003). After 
the aerosol-substrate system cooled to room temperature, UV-Vis spectra were taken 
on each disc at several spots of varying transmission intensities. The objective of 
taking spectra at several locations of varying intensities is to be able to a) estimate 
error in our k values, and b) evaluate how changes in film thickness affect our 
retrievals.  
The real refractive index value used to “pin” the measured transmission 
spectra was n = 1.598, which is an appropriate value to assume for PSLs in the mid-
visible (Pettersson et al., 2004, Beaver et al., 2008).  The imaginary refractive index 
used was k = 0.0003 at λ= 520 nm from Ma et al. (2003).  
Figure 4.7 shows the resultant values of k retrieved from PSLs. The error bars 
on each PSL size correspond to the standard deviation in retrieved k values from at 
least three spots on the aerosol-substrate. Also shown are k from Ma et al. (2003), 
which, to the best of our knowledge, is the only study in the literature that reports 
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Figure 4.7 Imaginary refractive index values retrieved for PSLs of 
different sizes and compared to data from Ma et al. (2003).  
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refractive index values of PSLs over the UV-Vis spectrum. From our retrieved k 
values and the Ma et al. (2003) values, the weakly absorbing nature of PSLs in the 
UV-Vis is underscored. From λ ~ 370 nm to λ ~ 550 nm, our values are within error 
of the Ma et al. (2003) values for all PSL diameters used. Above λ ~ 550 nm, the 40 
nm and 80 nm particles are within the error of the Ma et al. (2003), and the 125 nm 
and 350 nm lies just below their reported error. However, the error bars on the Ma et 
al. (2003) data are very large throughout the dataset. In general, the thin film 
transmission model yields reasonable k values for PSLs, though there appears to be 
some diameter-dependence. Variations in k values retrieved by transmission spectra 
of differently sized PSLs did exist, and may point to a general film structure that is 
rough on the scale of the PSL diameter used. 
4.4.2 Nigrosin dye 
 The UV-Vis transmission spectra of atomized and aqueous forms of nigrosin 
dye were analyzed. Both forms were examined in order to analyze the affect the 
particle nature of the aerosol has on transmission through the system. The atomized 
aerosol were generated in the same manner previously described in Hasenkopf et al. 
(2010) (see §2.3.1 of this thesis), and deposited on a quartz substrate. The aqueous 
solutions of the nigrosin were made with HPLC grade water, and were put in a quartz 
cuvette for analysis in the UV-Vis spectrometer. In the same manner as the 
transmission spectra from the aerosol-quartz substrate disc were obtained relative to 
the transmission spectrum of a blank quartz disc, the transmission spectra obtained of 
the aqueous solutions were made relative to the transmission of a quartz cuvette filled 
with only HPLC water. As described previously in §2.3.1, the optical properties of 
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nigrosin dye in at λ = 532 nm have been measured by several groups (Lack et al., 
2006, Riziq et al., 2007, Lang-Yona et al., 2009, Hasenkopf et al. 2010). To pin the 
model, we use an average of these values: n = 1.71 and k = 0.293 at λ = 532 nm.  
 Figure 4.8 shows the retrieved k values using the thin film transmission model 
for the atomized nigrosin at several locations on the quartz disc substrate. Figure 4.8 
also shows retrieved k values for the aqueous solution in which k was calculated by: ! = !" 1 !!"#$ !!!"                                                      (4.7) 
where Tmeas is the measured transmission relative to the substrate. The “thickness” of 
the nigrosin in solution is determined by pinning it at 532 nm, exactly as done with 
the atomized version and the thin film transmission model. 
The general shape of the UV-Vis absorption is consistent for both the aqueous 
and atomized nigrosin. As one would expect of a black material, absorption is nearly 
flat over the visible wavelength range.  Both the aqueous and atomized forms show a 
peak in absorption at λ ~ 300 nm and similar broadband absorption in the visible. The 
k values retrieved for both aqueous solutions are consistent with k values retrieved 
from the atomized nigrosin over the UV-Vis spectral range studied. Two forms of 
error are shown: in light green the error based on the standard deviation of the 
retrieved k values at each spot, and in dark green the error on the k value used from 
the literature to pin transmission spectra. There is only one k value reported in the 
literature with which to compare nigrosin at a wavelength other than λ = 532 nm. 
Pinnick and Auvermann (1979) report a k value of 0.26 at λ = 632 nm. This value is  
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Figure 4.8 Imaginary refractive index values retrieved for nigrosin dye 
using the thin film transmission model and compared with 
literature values (open black circles). Values obtained from the 
average of three atomized nigrosin spots on a quartz disc are 
shown in green.. In blue and dark blue, values are shown that 
were obtained with differing concentrations of aqueous 
mixtures of nigrosin in a quartz cuvette.  
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consistent with our k retrieval, and lends additional confidence to modeling the 
nigrosin dye as a thin film. 
4.3 Results 
For the early Earth analog, three aerosol films on quartz substrates were 
collected on three different days, using three separately made gas mixtures (0.1% CH4 
and 0.1% CO2 in N2). In total, 16 transmission spectra were collected at different 
locations on the samples. For the Titan analog, three aerosol films on quartz 
substrates were collected on three different days, using three separately made gas 
mixtures (0.1% CH4 in N2). In total, 7 transmission spectra were collected at different 
locations on the samples.  
The wavelength at which the film thicknesses are pinned is λ = 532 nm with k 
set to 0.55 and 0.23 for the early Earth and Titan analogs, respectively. The real 
refractive index n was set to 1.81 and 1.35 over the whole UV-Vis range studied for 
the early Earth and Titan analogs, respectively. These values of n and k are from 
Hasenkopf et al. (2010) for aerosol created from identical analog gas mixtures and the 
same energy source. For the early Earth analog, deff ranged from 23.9 nm to 151.7 
nm, while for the Titan analog, deff varied from 138.2 nm to 184.7 nm. 
4.3.1. Surface roughness 
 Surface roughness can be an important factor in determining how light is 
transmitted through a thin film. Figure 4.9 shows a calculation of transmission from 
Vuitton et al. (2009) for varying surface roughness of a 170 nm thick film that has 
refractive index values comparable to our analog. Figure 4.9(a) shows how 
transmission through the film varies for a perfectly smooth surface, one with 13 nm  
 118 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 (A) Transmission spectra through a thin film (n = 1.70, k from Vuitton 
et al., (2009), thickness = 170 nm) with a perfectly smooth surface 
(black), a surface roughness of 13 nm (dark blue), and a surface 
roughness of 26 nm roughness (light blue). Data from Vuitton et al. 
(2009). (B) All values are scaled such that all transmission spectra fit 
at λ = 650 nm. The purpose of this figure is to distill the effect of 
surface roughness on the shape of the transmission spectra. 
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roughness, and one with 26 nm roughness. As surface roughness increases, so does 
transmission through the film. Since we pin the thickness by using a measurement at 
λ = 532 nm, we care how the transmission changes as a function of wavelength for 
varied surface roughness. Figure 4.9(b) distills the effect of wavelength on 
transmission for varied surface roughness. The value at 650 nm for the transmission 
with a smooth surface (0 nm roughness) was used to scale the transmissions for a 
roughness of 13 nm and 26 nm to match that point. The same factor was used to scale 
all of the other points in the transmission spectra calculated for a roughness of 13 nm 
and 26 nm. From Fig. 4.9(b), it can be seen that as surface roughness increases, the 
transmission for the wavelength region < 650 nm increases relative to smooth film. 
The opposite is true for the region > 650 nm. If translated into k values calculated by 
assuming the light lost in transmission is purely from absorption, error can be as high 
as ~ 40% of the zero roughness k value.  
 We cannot assess the roughness of our film directly. However we can infer the 
influence of the roughness of our sample by examining how k values at the extreme 
wavelength ends of our spectra change as a function of effective film thickness. 
Figure 4.10(a) shows the 16 k values retrieved at λ = 275.14 nm (purple) and 750.06 
nm (red) as a function of film thickness for the early Earth analog. These two 
wavelengths were selected because they are the boundaries of the spectral region 
studied. For k values at λ = 275.14 nm and 750.06 nm above deff ~ 0.050 µm, k is 
constant with film thickness.  However, below deff ~ 0.050 µm, k increases with 
decreasing thickness for λ = 275.14 nm and decreases with decreasing thickness for λ 
= 750.06 nm. Also, deff ~ 0.050 µm marks the limit where at least one monolayer of  
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Figure 4.10 Retrieved k value as a function of film thickness for (A) early Earth 
and (B) Titan analogs at either end of the studied wavelength range. 
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particles covers the substrate. Therefore, we will reject k values retrieved for deff  < 
0.050 µm. Figure 4.10(b) shows the 7 k values retrieved at λ = 275.14 nm (purple) and 
750 nm (red), the boundaries of the spectral region studied, as a function of film 
thickness for the Titan analog. The range of thicknesses is much narrower compared 
to the early Earth analog. There appears to be no film thickness dependence on the 
retrieved k value.  
4.3.2 k values for early Earth and Titan haze 
 Figure 4.11 shows the k values retrieved from the early Earth and Titan 
aerosol analogs using the thin film transmission model. The error bars in Fig. 4.11(a) 
are based on the standard deviation of the 9 spots remaining after k values retrieved 
from deff  < 50 nm were removed from the original data set. The average percent 
standard deviation relative to the measured values across the whole range is 7.6% for 
the early Earth analog. The error bars in Fig. 4.12(b) are based on the standard 
deviation of the 7 spots measured. The average percent standard deviation relative to 
the measured values across the whole range is 15.7% for the Titan analog.  
4.4 Discussion  
We compare k values retrieved from the early Earth and Titan analog aerosols 
with those obtained from other laboratory analogs (Khare et al., 1984; Ramirez et al., 
2002; Tran et al., 2003, Vuitton et al., 2009) and observations of Titan from Earth 
(Rages and Pollack, 1980), Voyager (McKay and Toon, 1992), and Cassini (Lavvas 
et al., 2010) in Fig. 4.12.  
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Figure 4.11 Imaginary refractive index values k retrieved for (A) the early Earth 
and (B) Titan analogs. The lighter shades in both panels represent the 
standard deviation in the measurements. 
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In Fig. 4.13, we have calculated the extinction efficiency Qext and absorption 
efficiency Qabs for early Earth and Khare et al. (1984). We approach this calculation 
in two ways. The first way, shown in 4.13(a), assumes the particle is a perfect sphere 
that is 100 nm in diameter.  Figure 4.13(b) shows the same calculation but for a 
fractal aggregate particle, composed of 1000 monomer unit, each a sphere that is 100 
nm in diameter. To calculate the fractal aggregate properties, we assume a fractal 
dimension of 2 because this is considered to be a typical value for aggregates in 
Titan’s atmosphere, growing under a ballistic cluster-cluster diffusion aggregation 
process (Rannou et al., 1999). We use a semi-empirical fractal aggregate Mie code 
from Rannou et al. (1999).  
There are 8 k values from Khare et al. (1984) measured in the λ = 275 nm – 
750 nm spectral region, and we chose the same 8 wavelengths at which to compare 
our data. In order to compare at the exact same wavelengths, we linearly interpolated 
between two k(λ) points, which were 0.5 nm apart. For the early Earth and Titan 
cases, we have assumed n = 1.81 and n = 1.35, respectively, across this spectral 
range. 
4.4.1 Early Earth 
While there are no previous studies of optical properties of an early Earth 
analog with which to compare, we can compare properties with Khare et al., 1984, the 
Titan analog used exclusively in early Earth climate models. In the UV, from λ =  
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Figure 4.12 Imaginary refractive index values k retrieved from this study, other 
laboratory analogs, and observations of Titan. 
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Figure 4.13 Extinction efficiency Qext (solid line) and absorption efficiency Qabs 
(dashed lines) of particles calculated using k values from the early 
Earth (green lines) and Titan (orange lines) analogs compared with 
those calculated from Khare et al. (1984) values (black lines). Panel 
(A) assumes the particles are spheres with a diameter of 100 nm. Panel 
(B) assumes fractal aggregates of 1000 monomer units with a diameter 
of 100 nm. The fractal dimension was set to 2.  
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275 nm to 335 nm, our early Earth analog k values are approximately 70% of the 
Khare et al. (1984) values and have 90% of the slope of the Khare et al. (1984) k(λ). 
At λ = 450 nm, the early Earth k values become larger than the k values from Khare et 
al. (1984).  By λ = 700 nm, the early Earth k values are almost 6 times larger than the 
Khare et al. (1984) values.  
The differences in the k spectra of the early Earth analog and the Khare et al. 
(1984) values in Fig. 4.12 implies significant differences in the way these two hazes 
would affect the early Earth climate in terms of both their antigreenhouse effects and 
their ability to act as UV shields. Figure 4.13 illustrates the impact of these 
dissimilarities, particularly in the fractal case shown in Fig. 4.13(b). The extinction 
efficiency Qext of a fractal early Earth particle is approximately 30% larger than Qext 
of a Khare et al. (1984) particle over the spectral range studied. These calculations 
suggest an early Earth haze could provide an even stronger UV shield than modeled 
by Wolf and Toon (2010), which used optical properties from Khare et al. (1984). 
Additionally, these calculations imply that an early Earth haze would have a larger 
antigreenhouse effect than a haze with Khare et al. (1984) values.  
4.4.2 Titan 
Our Titan analog has lower k values than most other Titan analogs in the 
literature. In Fig. 4.12, it is most comparable to Analog D from Tran et al. (2003), 
which was formed from a gas mixture with a 3.0 × 10-4 mixing ratio of ethane in 
nitrogen irradiated with a energy source emitting light at λ = 185 nm and 254 nm. 
While it is intriguing that our values closely resemble another UV-generated analog, 
the relationship between energy source and corresponding absorption properties of an 
 127 
analog is unclear from Fig. 4.12. The analog created by Vuitton et al. (2009), also 
with a UV source (λ = 185 nm and 254 nm) has much higher k values than those 
retrieved for our Titan analog or Tran et al. (2003). Ramirez et al. (2003) report much 
lower k values and they used a cold plasma discharge source. Additionally, our Titan 
analog has the lowest slope of any of the analogs except for Ramirez et al. (2009), 
and does not match the slope of λ-4 in the UV-Vis typically extracted from 
observations of Titan’s geometric albedo.  
Figure 4.13(b) shows the calculated optical efficiencies calculated for our 
Titan analog. The extinction efficiency Qext of Titan aerosol analog modeled as 
fractals is approximately 30% of Qext of the Khare et al. (1984) analog over the 
spectral range studied. These results may imply (a) photolysis is not the dominant 
source of aerosol on Titan, and/or (b) the optical retrievals are dominated by the more 
absorbing and scattering electric discharge generated aerosol. 
4.5 Conclusion 
We report imaginary refractive index values for λ = 275 nm to 750 nm for 
early Earth and Titan analogs generated from analog atmosphere gas mixtures and 
exposed to a continuum UV (λ = 120 – 400 nm) energy source.  
This is the first study to report k values for an early Earth analog across any 
spectral range. We find key difference between the optical properties of the early 
Earth analog and the values from Khare et al. (1984), used exclusively by early Earth 
climate models. When modeled as a fractal aggregate, the early Earth analog has 
roughly 30% more extinction than the Khare et al. (1984) over the entire spectral 
range studied. This would create a more effective UV shield, allowing the buildup of 
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photolytically unstable greenhouse gases and protecting early life, than an identical 
amount of Khare et al. (1984) haze. Additionally, the haze would also have a larger 
antigreenhouse effect than Khare et al. (1984) haze. In order to quantitatively analyze 
the effects the properties of these newly reported early Earth analog optical properties 
would have on early Earth climate, we recommend they be incorporated into early 
Earth climate models.  
The retrieved k values for our Titan analog are lower than those retrieved from 
observations of Titan. Our results may suggest that the type of energy source (UV 
light versus energetic electrons from Saturn’s magnetosphere) has a role in 
controlling optical properties of the generated aerosol, which would have significant 
implications for both how observations of haze are interpreted and fundamental 
chemistry of the Titan atmosphere. Further laboratory studies that analyze optical 
properties of Titan analogs generated with various energy sources are needed to 
evaluate this result. 
 
 
 
 
 
 
 
 
 
 
 129 
_______________ 
Chapter V 
Summary, Conclusions, and Future Directions 
________________ 
5.1 Summary and Conclusions 
 Studies of the optical and hygroscopic properties of early Earth and Titan haze 
were conducted in an effort to better understand impacts of these hazes on their 
atmospheres and climates. The primary analysis techniques used in these studies were 
cavity ringdown aerosol extinction spectroscopy and UV-Vis spectroscopy. Other 
techniques used included atomic forced spectroscopy and a scanning mobility particle 
sizing system. The results from these studies are summarized below. 
In Chapter II, we have simulated both Titan and early Earth organic haze 
aerosols in the laboratory and measured the real and imaginary portion of their 
refractive index at λ = 532 nm using cavity ringdown aerosol extinction spectroscopy. 
This novel technique allows analysis on freely-floating particles minutes after 
formation. For our Titan analog particles, we find a real refractive index of n = 1.35 ± 
0.01 and an imaginary refractive index k = 0.023 ± 0.007, and for the early Earth 
analog particles we find n = 1.81 ± 0.02 and k = 0.055 ± 0.020. The Titan analog 
refractive index has a smaller real and similar imaginary refractive index compared to 
most previous laboratory measurements of Titan analog films, including values from 
Khare et al. (1984). These newly measured Titan analog values have implications for 
spacecraft retrievals of aerosol properties on Titan. The early Earth analog has a 
significantly higher real and imaginary refractive index than Titan analogs reported in 
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the literature. These differences suggest that, for a given amount of aerosol, the early 
Earth analog would act as a stronger anti-greenhouse agent than the Titan analog 
In Chapter III, we explored the direct and indirect radiative effects on climate 
of organic particles likely to be present on the early Earth by measuring their 
hygroscopicity and cloud nucleating ability. The early Earth analog aerosol particles 
are generated via ultraviolet photolysis of an early Earth analog gas mixture, which is 
designed to mimic possible atmospheric conditions before the rise of oxygen. An 
analog aerosol for Saturn’s moon Titan was tested for comparison.  We exposed the 
early Earth aerosol to a range of relative humidities. Water uptake onto the aerosol 
was observed to occur over the entire RH range tested (RH = 80% - 87%).  To 
translate our measurements of hygroscopicity over a specific range of RHs into their 
water uptake ability at any RH < 100% and into their ability to act as cloud 
condensation nuclei (CCN) at RH > 100%, we relied on the hygroscopicity parameter 
κ, developed by Petters and Kreidenweis (2007). We retrieve κ = 0.22 ± 0.12 for the 
early Earth aerosol, indicating that the humidified aerosol (RH < 100 %) could have 
contributed to a larger antigreenhouse effect on the early Earth atmosphere than 
previously modeled with dry aerosol. Such effects would be important in regions 
where the humidity is larger than 50% because such high humidities are needed for 
significant amounts of water to be on the aerosol.	  Additionally, Earth organic aerosol 
particles could activate into CCN at reasonable – and even low – water vapor 
supersaturations (RH > 100%).  In regions where the haze was dominant, it is 
expected that low particle concentrations, once activated into cloud droplets, would 
create short-lived, optically thin clouds. Such clouds, if predominant on the early 
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Earth, would have a lower albedo than clouds today, thereby warming the planet 
relative to current day clouds. 
Chapter IV combined the results from Chapter II and ultraviolet-visible (UV-
Vis) transmission spectroscopy to determine optical properties of early Earth and 
Titan aerosol analogs across the UV-Vis spectrum.  We found that the optical 
properties of our early Earth analog are significantly different than the properties 
reported for other Titan analogs. In both the UV and visible, when modeled as 
fractals, particles with the optical properties of the early Earth analog have 
approximately 30% larger extinction efficiencies than particles with Khare et al. 
(1984) values. This result implies our early Earth haze analog would provide a more 
efficient UV shield and have a stronger antigreenhouse effect than the Khare et al. 
(1984) Titan analog. Our Titan analog has significantly smaller imaginary refractive 
index values in the UV-Vis than Khare et al. (1984) values. These results may imply 
that (a) photolysis is not the dominant source of aerosol on Titan, and/or (b) the 
optical retrievals are dominated by the more absorbing and scattering electric 
discharge generated aerosol.  
The next section outlines ways in which these studies can be extended. 
5.2 Future Directions 
 Using the same instrumentation from this dissertation work (and others, 
available to the Tolbert group), many more avenues could be explored in terms of 
optical properties and hygroscopic properties of planetary aerosol particles. 
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5.2.1 Optical properties of early Earth Haze at λ= 355 nm 
 In addition to a CRD-AES at λ= 532 nm, we also have built a system at λ= 
355 nm. The instrumental design and software is identical to the λ= 532 nm cell, with 
the only differences being the use of wavelength dependent CRD-AES mirrors (R = 
0.9995 at λ= 355 nm versus R = 0.99998 at λ= 532 nm), table-turning optics, and 
photomultiplier tube optics (e.g. collimator and broadband filter).  
 We compare properties of our λ = 355 nm system compared to other research 
groups’ λ= 355 nm systems in Table 5.1. Our ringdown signal τ0 is comparable to 
both other groups. All groups report significantly lower τ0 at λ = 355 nm than at λ = 
532 nm because of the lack of higher quality CRD-AES mirrors available at λ = 355 
nm. As shown in Figure 5.1, the system was found to have a linear response of 
extinction with particle concentration using 350 nm PSLs.  
The λ = 355 nm CRD-AES system could be used for obtaining refractive 
index values of Titan or early Earth aerosol analogs generated from a spark discharge. 
Because of the high concentrations of aerosol particles required for signal in this 
system, it is likely UV-generated aerosol analogs would not be produced in high 
enough quantities to be detected in the λ = 355 nm CRD-AES system. Having two 
CRD-determined complex refractive index values would be useful for confirming k 
values from UV-Vis transmission spectra. 
5.2.2 Optical properties of early Earth Haze and Titan haze in the infrared 
 Optical constants of early Earth and Titan hazes generated from both a 
continuum light source and from an electric discharge in our laboratory would be 
fascinating to compare to spacecraft retrievals of IR optical properties of Titan haze  
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Table 5.1: Comparison of λ = 355 nm CRD-AES systems’ properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group	   Tau0	  
(μs)	   
∆tau	  (μs)	   Mirror	  
reflectivity	   
Source	   
NOAA	   3.9	   0.09	   Not	  reported	  
(verbal	  
communication)	   
Baynard	  et	  
al.	  (2007)	   
Rudich	   3.7	   Not	  
reported	   
R	  =	  0.9991	   Adler	  et	  al.	  
(2010)	   
Tolbert 2.7	  -­‐3.5	   0.05	  –	  0.1	   R	  =	  0.9995	   –	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Figure 5.1 The λ = 355 nm CRD-AES system’s linear response between 
extinction and aerosol particle concentration of 350 nm PSLs. The 
fitted line has been forced to intersect the origin.  
 
 
 
 
 
 
 
 
 
 
 
100
80
60
40
20
Ex
tin
ct
io
n 
(c
m
-1
)
16014012010080604020
Concentration (Particles cm-3)
Coefficient values ± one standard deviation
a =0 ± 0
b =0.43921 ± 0.0444
 135 
as well other laboratory analogs. IR optical properties indicate much about the 
chemical nature of the organic haze, and also provide important information about 
how the haze could alter climate. Below we present some preliminary results. 
 Figure 5.2 compares the transmission spectra of our aerosol analog, generated 
from a 2% CH4 in N2 gas mixture with a transmission spectrum of Titan aerosol from 
VIMS (115.10 km, digitized from Fig. 12 in Bellucci et al., 2009) and a calculated 
transmission spectrum of aerosol consisting of 30,000 spherical monomer units per 
fractal aggregate that have optical properties from Khare et al. (1984). Bellucci et al. 
(2009) point out three main features of the VIMS spectrum with which we compare: 
(1) the absence of absorption at 3.0 µm (absorption present would be due to N-H 
bonds), (2) strong absorption at 3.4 µm (due to C-H bonds), and (3) the unclear 
presence or absence of absorption at 4.6 µm (due to C≡N).   
At 3.4 µm, our analog spectrum and the Bellucci et al. (2009) data - show 
strong absorption, which is consistent with C-H bonds.  In contrast, an absorption 
peak at 3.4 µm is absent in the Khare et al. (1984) calculated spectrum, perhaps 
hidden by stronger absorption at 3.0 µm.  However, an absorption peak at 3.4 µm is 
present in VIMS observations from Rannou et al. (2010), as well. The chemical 
discrepancy between our analog and the Khare et al. (1984) analog that these spectra 
imply may be due to several differences in the analog formation process (i.e. 
difference formation pressures, energy sources, initial gas mixtures). Interestingly, a 
prominent absorption peak at 3.4 µm has been observed in other laboratory analogs – 
all created under different temperature, gas constituents, and energy sources.  
However, in all cases this feature is only observed when particles are created at 
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Figure 5.2 VIMS infrared aerosol transmission spectrum at 115.10 km from 
Bellucci et al. (2009) (digitized). Overlaid is the transmission spectrum 
of a thin film of aerosol analog generated with electric discharge and 
collected for 14 hours. Also shown is the transmission spectrum for N 
= 30,000 spherical monomer units per fractal aggregate with optical 
properties from Khare et al. (1984), as calculated by Bellucci et al. 
(2009).  Tranmission data of our analog taken with C. Long. 
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pressures of 0.2 Torr or greater (Imanaka et al. 2004; Khare et al., 1984; Tran et al., 
2003; Quirico et al. 2008). At pressures lower than 0.15 Torr, the feature disappears 
(Imanaka et al., 2004; Khare et al., 1984). The difference in the Khare et al. (1984) 
calculated spectrum, obtained from aerosol created at a pressure of 0.15 Torr, and 
ours, obtained from aerosol created at 600 Torr, may be explained by this difference 
in pressure. 
It is unclear why analog aerosol created under higher pressure conditions than 
expected in the actual formation region of Titan’s atmosphere would produce spectra 
that are more similar to observations than aerosol generated under more appropriate 
pressures. It would be interesting to extend this work to determining absolute, instead 
of scaled, k values of aerosol analogs.  
5.2.3 Ice nucleating ability of early Earth Haze 
 Another aspect of early Earth haze that would have interesting implications 
for early Earth climate is its ability to nucleate ice. Figure 5.3 shows the saturation 
ratio with respect to ice, Sice, of an early Earth analog (2% CO2 and 2% CH4 in N2, 
exposed to an electric discharge) as a function of temperature.  Essentially, the graph 
shows at what Sc particles nucleated into ice crystals held at a certain temperature 
(blue dots) compared to ammonium sulfate and glutaric acid, previously studied in 
our laboratory. The details of the experimental setup and data analysis are in Baustian 
et al. (2010). The data in Fig. 5.3 is preliminary, however, it is interesting to note the 
positive Sice slope of the early Earth analog with temperature. This trend is the 
opposite of both the inorganic and organic compounds. A more thorough study 
investigating early Earth aerosol analogs’ ability to nucleate ice would be interesting. 
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Figure 5.3 Sice of various compounds: early Earth aerosol analog (2% CO2 and 
2% CH4, spark discharge, blue dots), ammonium sulfate (white dots), 
and glutaric acid (black dots). 
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5.2.3 Optical properties of Venus aerosol 
Lastly, optical properties of aerosol analogs representative of other planetary 
atmospheres would be worthwhile to study, as well. Recently, there has been an 
increased interest in optical properties of sulfur haze aerosol particles found on 
Venus. The Tolbert laboratory has begun to do studies on early Earth aerosol analog 
generated from sulfur-containing gas species. These could easily be extended to apply 
to Venus.  Such quantities as CRD-AES measured complex refractive indices and 
thin film transmission measured k values would be relatively easy to obtain with 
existing laboratory equipment. One advantage of studying UV-light produced sulfur-
based early Earth aerosol analogs is that these analogs produce a much higher 
concentration of particles compared to their organic early Earth counterparts.   
________________ 
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